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ABSTRACT
The results of five experiments are reported as tests of a theory of the 
growth and feed intake of sheep. An attempt is first made to describe 
potential growth in the sheep, that  is, growth under non- l imi t ing  condit ions, 
and to general ise this descr ipt ion across breeds. The two ways of providing 
non- l imi t ing  condit ions are then considered. This approach necessari ly 
confronts the problem of predict ing the desired intake of feed resources 
required to fulfi l l  the potential. Whilst ad l ibitum access to a single,
nutr ient- r ich feed is found an acceptable method, data col lected in three 
experiments, using a total of 64 Suffolk X Greyface lambs, lead to the
conclusion that sheep can also attain their potential for growth when given 
free and continual access to more than one feed, a possible combination of 
which is non- l im i t ing  to growth.  It is suggested that the technique may be 
applied as an independent  test  of other estimates of resource requirements for 
growth and to the predict ion of feeding behaviour in sheep. The responses of 
sheep to l imit ing condit ions for growth are studied on the assumpt ion that  
sheep have rules for par t i t ioning the feed's first l imit ing resource. The l imits to 
this v iew are investigated by experiment  using 73 Scott ish Blackface wethers 
offered amounts of feed which provide simi lar crude protein al lowances but 
di fferent yields of energy. It is concluded that  the body composi t ion of sheep 
can be manipulated by nutri t ion, since the animals wil l parti t ion scarce energy
resources to protein growth before fattening, but that this effect is complicated
in ruminants because protein supply is not independent  of feeding level. The 
theory is then applied to the problem of predict ing the recovery of sheep f rom 
the effects of growth restraint. An experiment  involving 30 Scott ish Blackface 
wethers provides data which support  the idea that  sheep, fo l lowing a period of 
underfeeding, wil l  resume their known potential for growth and, only when 
necessary, restore their  body composi t ion to the state dictated by their 
inheritance. No compensatory growth is observed. Finally, the work as a 
whole is discussed in relation to animal science and the sheepmeat industry. 
Possibil i t ies for future research are also suggested. The experimental data are 
published in full in the appendices.
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PREFACE
A scienti f ic approach to the study of sheep has been adopted by 
agricultural ists since the foundat ions of the subject  were laid by Lawes and 
Gilbert in the 1850s.
To the Farmer who is engaged in producing animal food for  the 
consumpt ion of the communi ty  at large, it is very desirable to 
know...what is the probable proport ion of the consumed food, or 
of its several const ituents,  which he recovers in the form of 
meat? — how much he may calculate as manure? — and how 
much as expenditure or loss by the feeding process? Lawes and 
Gilbert (1859).
Seventy years later, in response to a changed economic cl imate, Hammond 
engaged the Cambridge School in fur ther  analysis of the sheep as, primari ly, a 
producer of food. Under current  farming condit ions,  research into the growth 
of sheep is still mot ivated by the need to predict the per formance of a lamb in 
terms of its yield of meat.
Croston and Pol lott (1985) have suggested that research into the physical 
and financial bases of sheep product ion remains important  if the sheep 
industry is to stay profi table despite the decl ining consumpt ion of sheepmeat 
and increasing reliance on EEC subsidy. Prescott (1981) at tr ibuted the 
decreasing populari ty of lamb to its high price relative to pork and chicken and 
its seasonal variabi l i ty in supply. Kempster (1981) added that  sheep producers 
and traders had been slow to respond to the changing consumer demand for 
less fatty and more convenient  meat products.
However, Croston and Pol lott (1985) did emphasise the problems that  sheep 
farmers face in providing carcasses of the fatness and weight  which meets the 
requirements of a given market outlet. They argued that  the number of kinds 
of sheep (cited as 56 pedigree and 300 crossbred types in the UK) and the 
range of envi ronments in which they are reared, makes planned sheep 
product ion dif f icul t because farmers do not have suff icient in formation about  
their product ion system on which to base their  management decisions.
The ideas and experiments presented in this thesis are directed towards 
obtaining a reliable descript ion of both the growth potential of a given sheep 
type and the condit ions under which ideal growth may be achieved. The
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responses of sheep to (a) condit ions which are l imit ing to growth  and (b) the 
restorat ion of non- l im i t ing  condi t ions after a period of underfeeding, are then 
addressed. Finally, the impl icat ions of the work to the predict ion of lamb 




THE POTENTIAL FOR GROWTH IN SHEEP
1.1 The G e n o ty p e  as a D e te rm in a t iv e  Inher itance
The view that  a growing lamb is a living, organic whole accords with 
Aristotle's idea of organisms as the 'telos or final cause of their  own 
generation and development '  (Thompson, 1917) which f inds its modern 
counterpart  in the concept of the genotype. Here, the genotype of the 
individual is taken to represent, in part, a determinat ive inheritance; that is, a 
growth-plan  or principle of ontogenesis that  directs what, at conception,  is still 
a potential for actual growth.  This means that  the capacity to grow is treated 
f irst as an idea and, subsequently, that  the way the lamb actual ly grows in an 
ideal envi ronment is a ref lection of the inherent potential for growth.  This view 
presumes that  ideal or non- l im i t ing  condit ions for  growth can be found and 
that the animal is able to make full use of them. Since, according to Darwin's 
theory of evolut ion, it is the genotype of 'successful '  or 'fit ' parents which has 
been t ransmitted successively to the offspring and has provided them wi th all 
that  they need to take advantage of the prevail ing condit ions of the 
envi ronment, part of the genotype is also held to bestow on the animal a 
means by which it may fulfi l l  its potential. These aspects of the inheri tance 
and the envi ronment wil l be considered in Chapter II.
In the meant ime,  the term 'potential growth '  wil l  be used in the sense of 
'measured growth under non- l imi t ing  condi t ions'  and, therefore, in the empirical 
approach to growth adopted in this thesis, a descript ion of the quanti tat ive 
changes in form (development), into which the inheri tance wil l  direct the 
animal, is required. For such purposes, the inheri tance of the animal is taken 
to mot ivate the animal to attain:
a) the mature form of a ful ly reproduct ive (fit) individual.
b) the maximum (desired) rate at which form may be changed up to the 
mature equi l ibr ium (Eckles and Swett, 1918; Blaxter, 1950).
in compl iance with the idea that the most  successful animal is that  which 
reaches full fecundi ty  at matur i ty in the shortest  period of t ime i.e. its success
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is based on an opt imising strategy, (Krebs and McCleery, 1984).
The definit ion of growth thus becomes simply one of a progress towards a 
mature end-po in t  (Courtis, 1937).
1.1.1 The Measurem en t  of Growth
Lawes and Gilbert (1859) relied chiefly on the measurement of l iveweight in 
their investigat ions 1 but they recognised that l iveweight  records alone are a 
poor way to define growth since dif ferences may arise which cannot  be 
regarded as true progress to maturi ty, the least predictable being the we ight  of 
gut contents and the dampness or dirt iness of the fleece. Nevertheless, 
l iveweight  measurement had the advantage of being st ra ight forward to make 
and repeatable on an individual.
Later workers, led by Waters (1908), turned to l inear measurement of the 
animal as their best, repeatable indicator of growth.  Though some of these 
data e.g. girth diameter were found to share the same fai l ings as l iveweight in 
that they reflect, primari ly, di f ferences in gut—fill, other measurements such as 
height at the withers were far superior (see Chap. Ill), indicating growth of the 
skeleton when l iveweight  was static or falling.
However, Waters belonged to a tradi tion of workers (reviewed by Armsby,  
1908) who knew that, convenient  as they were, l inear and anatomical 
measurements could not be applied sensibly to matters of nutri t ion. Since the 
earl iest days of nutr i t ion science, scientists had seen the need for a common 
chemical scale on which to measure both the feed offered and the growth 
made. The relat ionship between the measures of l iveweight, l inear and 
chemical growth were discussed in the monograph of Armsby and Moulton
(1925). In that work, the authors emphasise the relevance of defining progress 
to matur i ty as a gain in the l ip id-f ree empty body, that is, on the 'protoplasmic 
basis' of Greene (1919). The advantages of this system were praised by Murray 
(1919) since
The composit ion of the non-fa t ty  matter is practical ly constant.
 ̂ though, it must be added, they also made the advanced observation that the com posit ion  of the 
gain was cri t ical to the yield of animal products and the eff ic iency w ith  which l ivewe igh t  was 
gained.
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It is the same in cattle, sheep and pigs and is not affected by 
condit ion but varies sl ight ly wi th age.
and it reemerged in a modi f ied form (as the fat - f ree empty body) in the 
argument of Elsley, McDonald and Fowler (1964) who tried to sett le the debate 
between Wallace (1948) and McMeekan (1940) in the interpretat ion of the 
growth of pigs.
In this thesis, growth wil l  be taken, where possible, as an increase in the 
weight  of protein in the animal. Though a reversible process under starvation 
condit ions, increase in protein we ight  is considered to be the best indicator of 
progress towards matur ity  because protein is primari ly a structural component  
in the body and has a direct  relat ionship to the metabol ic processes of the 
animal (Schmidt-Nielsen,  1984). In the absence of chemical composi t ion data, 
muscle weight  wil l  be taken as the most  closely related quanti ty to protein 
weight, whi lst  recognising the errors associated wi th unmeasured quanti t ies of 
Intramuscular fat.
Section 1.1.2. wil l  consider how the coordinated change in form 
(development) of the lamb, as it grows under non- l imi t ing  condit ions,  can be 
reduced to simple mathematical descr ipt ions by tracing the relative growth of 
each component  of the body against the protein baseline, for  chemical 
const ituents,  or the muscle baseline for  anatomical parts. Functions for 
describing the rate at which the protein and muscle we ight  increase during 
potential growth are then appraised in section 1.1.3, and the two equation 
types are synthesised to make statements about the growth which the whole 
animal should attain if it is to fulfi l l  its potential (section 1.2).
1.1.2 The Allometry of Development
Within the concept of the f i tness of a genotype it is implici t  that  the 
change in form that  the growing individual undergoes must  also keep the 
immature animal in a cont inuous state of adaptation, or harmony, in relation to 
the envi ronment (p.580,Ch.17: Brody, 1945).
The physical manifestat ion of the harmony as a differential growth of the 
parts of the body in the maturing animal was a chief interest of Thompson 
(1917) who inspired Huxley (1932) to formulate an algebraic method (al lometry) 
for  describing the changes in animal form. The now famil iar relation is most
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commonly  given as
Y = a.Xb (1)
which may be written
In Y = (In a) + b (In X) (2)
where In is the natural logar i thm of a value, X and Y are the we ights of two 
related parts of the body, a is the Intercept and b the slope or growth 
coeff icient, both of which are constant  for a given part in a given genotype.
The al lometr ic equation has been widely applied in the analysis of body 
composit ion data of both pre-  and pos t-nata l  animals 2 as a means of making 
linear those relationships between parts which would otherwise be curvi l inear 
and hence dif f icul t  to compare mathemat ical ly.  In this respect, the procedure 
has great advantages (p.398, Ch.13: Brody, 1945) but is weakened in those 
cases where
a) the equation has been f i t ted between two components (e.g. between 
gut-f i l l  or gut, and l iveweight) when al lometry was a poor descr ipt ion of the 
data.
b) a part of the animal (y) has been related to the whole (x), a technique 
which is mathemat ical ly unsound since the equation relies on the two  variables 
being independent.
The al lometr ic equation is used in this review to provide a simple, 
mathemat ical descript ion of the direct ion in which the inheri tance of the animal 
guides the change in form (development).  The derived al lometr ic equations 
then give an expectation of the form that  the animal should have (i.e. the 
desired form at any given degree of maturi ty, u) and this expectat ion is 
subsequently used to determine the effect of l imit ing condit ions on the 
development of the animal.
In this thesis a component  of the body is nominated as the independent  
variable (x) against which each other component ,  (y), is plotted. The muscle 
weight  of the cold carcase (Mt) has been chosen as the Independent  variable
These may be found summarised in ARC (1984), Chap. I.
2
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for anatomical relat ionships. This procedure resembled that  recommended by 
Jackson (1967) who related carcase muscle to a baseline weight  of carcase 
bone. Protein weight  of the em p ty -body  (Pt) is used in chemical descr ipt ions of 
growth.
1.1.2.1 The A l lom e t ry  of Ana tom ica l  C om ponen ts  in the  Body
The greater part of the published data, in which par t -whole  relations have 
been studied do not provide the actual data for deriving the al lometr ic 
coeff icients for sheep by the par t -par t  method.
However, the studies of Lloyd, Emmans and Prescott (1985) on the growth 
of Scott ish Blackface (SBF) wethers under non- l im i t ing  condi t ions 3 supplied 
body composi t ion data for a l lometr ic analysis f rom lambs of muscle we ight  3.6
M.=
kg (0.22 ) to matur i ty  (average = 16.5kg). The relat ionships derived f rom these 
data were to have the addit ional convenience of providing expectat ions of 
potential post-natal  growth of the same lamb-types employed In subsequent  
experiments over simi lar degrees of maturity.
The low residual standard deviat ions reported in Table 1.1 show that the 
analysis gave a good descr ipt ion of the relative growth of the head, bone, pluck 
(lungs + heart) and pelt (f leece + skin) components.  However, the large number 
and wide spread of the lamb's weights caused the relation between fat depots 
and muscle weight  to be highly signif icant but very variable. In their  
comments on the fat tening characterist ics of sheep, Butterfield, Griff i ths, 
Thompson,  Zamora and James (1983) suggested that  it is di f f icul t to tell 
whether such variabi l i ty, which has also been found by previous workers , is 
due to inherent genetic variat ion or to unmeasured envi ronmental effects. A 
possible solution to this problem, which was attempted in the experiment of 
Lloyd et at (1985), is to find the best way of ensuring that lambs receive 
non- l imi t ing  condi t ions for growth under which they can express their true, 
genetic potential to fatten. The growth of fat and bone relative to muscle is 
presented graphical ly in Fig. 1.1., using the data of Lloyd et al (1985).
It is a feature of al lometr ic analysis that  body components with a





























































































































M u s c le  w e ig h t  (M .k g )
Fig. 1.1 The Relative Growth o f  A n a to m ica l  
C o m p o n e n ts  in Sco t t ish  B lack face  
wethers  ( n = 3 2 )  un de r  non —lim it ing  
cond i t ions
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regression coef f icient  less than 1.0 reach their maximum rate of potent ial  
growth earlier than the independent  variable, in this case, muscle. Such 
components are conventional ly called 'early maturing'. Conversely, the later 
maturing components have b values greater than 1.0. Hence, Table 1.1 
indicates the progressive development of the post-natal  lamb's body 
components beginning with early matur ing of the head (including brain) and 
skeleton, fol lowed by the vital organs (pluck and liver) through to the 
late-matur ing reserves of fat. The sequence of development wil l  be considered 
fur ther  in relation to rates of growth in section 1.2.2.
It wil l be noted that the organs of the al imentary tract (gut) and their 
contents have been omitted f rom the a llometr ic analysis in Table 1.1. The 
reason for this is that  both these components have been known not to 
increase in an al lometr ic relation to muscle or l iveweight  (Hammond, 1932). 
The size and nature of the gut  of ruminants, particularly the ret icu lo-rumen,  
have been shown to be dependent  on the type of feed offered to the animal. 
Wilckens (1865) was aware that rumen development was retarded if the young 
ruminant  remained exclusively milk-fed.  Wardrop (1960) summarising the 
f indings of many workers said that solid feed, especially roughage, must  be 
available after three weeks of age if the forestomachs of the lamb are to 
develop adequately. At tempts have been made to relate in other species the 
gutsize to both degree of matur i ty  and the rate of feed intake (Kirkwood and 
Prescott, 1984) and this would appear to be a promising approach to the 
problem. The predict ion of the weight  of gut—fill f rom a knowledge of the rate 
of feed intake (and presumably water  intake too) and the composi t ion of the 
feed has been suggested by ARC (1984) and Emmans and Fisher (1986).
Fig. 1.2 shows that  an a llometr ic relat ionship could not be f i t ted to the gut 
data of Lloyd' et at (1985) because of a decl ine in the weight  of the component  
beyond 9kg muscle weight. In addition, the simple relation between gu t—fill and 
muscle was regarded as fortui tous, in this instance, and so quadratic funct ions 
were f i t ted to both data sets for the purposes of summarising their  gains 
relative to muscle growth.
Therefore, the majori ty of the sheep's anatomical body components have 
been related simply and successful ly to the increase in weight  of muscle as the 
animal grows and al lometry has provided an adequate and helpful descr ipt ion 
of the anatomical form that the animal should have (that is, its desired form) at 
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1.1.2.2 The A l lo m e t ry  of Chemical  C o m pone n ts  in the Body
Lawes and Gilbert (1859) analysed the empty -body  ( l iveweight  less gut- f i l l )  
of animals into four chemical components:
The mineral matter  [ash], the total dry n i trogenous compounds 
[hence protein], total fat [lipid], and water  (the complementary 
quanti ty of the total dry matter).
later termed the 'Schemat ic Body' by Armsby (1908).
Since al lometr ic analysis need not be confined to its original use of relating 
anatomical components (Huxley, 1932), log- log  relat ionships may be f i t ted to
chemical data to assess the suitabi l i ty of the method In summarising
mathematical ly the changes In composi t ion of the Schemat ic Body.
Once again, the availabil i ty of data for  sheep, published in an untransformed 
state, was limited. However, three sources of numbers were found. For
relatively mature animals the data of Blaxter, Fowler and Gill (1982) and Lloyd 
et ai (1985) were used and were supplemented wi th values for  new-born  lambs 
of 3kg given in ARC (1984). This procedure was just i f ied on the basis that  the 
regression analysis would not be sensitive to small errors in est imated
composit ion at birth but a real ist ic reference point was required, outside the 
range of the actual data, in order to formulate sensible expectat ions for future 
tests. The other source of data was the study of Hodge (1974) for  the growth  
of lambs given ad lib itu m  access to milk f rom birth to 50 days of age. These 
data also served as a check of the first two analyses, since they were col lected 
over a different range of maturity.
For all three data sets analysed here, protein weight  was nominated the 
dependent variable and the natural logari thm of its value was plotted against 
the natural logari thm of the water, ash and lipid components.  The al lometr ic 
relations derived f rom regression analysis are given in Table 1.2.
The three sets of equations show little variabi l i ty in the relat ionships of
lipid, water and ash to protein, and a general agreement between breeds in
their magnitude. The al lometr ic method of analysis therefore appears to
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lambs growing under ideal condit ions. Moreover, the analysis shows that  any of 
the four interrelated components could be used as a measure of potential 
growth. However, a component  of the l ipid-f ree empty body (protein) must  still 
be favoured because the a l lometry of lipid varies under l imit ing condit ions (see 
Chap. III).
The al lometr ic descript ion may be held to ref lect the direct ives of the 
inherited growth-plan,  that is, the composi t ion that  the lamb should take as it 
grows. The fattening characterist ics of lambs growing under non- l im i t ing  
condit ions are termed 'desired fatness' or 'desired lipid : protein ratio' in Chap. 
II when the condit ions necessary for  the ful f i l lment  of the potential  are 
considered.
1.1.3 The Desired Rate of Growth
A simple method has been exploited for describing the change in form 
which the sheep undergoes during its attainment of maturity. The problem 
now remains to describe the maximum rate at which the form may be changed, 
a task which is reduced, by the al lometr ic argument, to that  of f inding a 
mathematical prediction of the maximum (desired) rate of growth of muscle or 
protein weight.
The search for a universal growth funct ion has been undertaken by 
biologists for over eighty years but, for the most  part, predict ion of the 
l iveweight  gain of mammals and birds has been their object ive (Brody, 1945; 
Taylor, 1980c; Parks, 1982). Since l iveweight  has already been depicted as an 
unreliable measure of growth,  unless taken across species of widely di f ferent  
mature size, their publicat ions are employed here as a guide in methods of 
approach rather than for direct use.
The growth of the animal is taken to begin at conception and to be heading 
towards a stable, mature end-point .  The applicable t ime relation of g rowth  
must  therefore give an absolute growth rate which either abrupt ly becomes,  or 
tends towards, zero. Preferably it wil l  have an economy of parameters to 
which biological meaning may be attached and wil l  exhibit  propert ies of 
' robustness and simpl ici ty of parameter est imation'  (Taylor, 1980b).
Such a list of specif icat ions for the model discourages, at the outset,
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adoption of the approach of Searle and Grif f i ths (1976,1983) whose theory of 
the growth of sheep takes the form of fou r  disjunct  'phases', each of which 
requires its own set of parameters and estimated values. Of the more 
stra ight-forward models, simple l inear or convex-shaped funct ions do not 
withstand even the common experience that  the absolute g row th - ra te  of a 
foetus never exceeds or equals that of a hal f -mature animal, thousands of 
t imes larger, growing at its potential rate. However, the growth  curves of 
animals fed under non- l imi t ing  condit ions do show a convex shape as they 
approach maturity, a phase which Brody (1945: p.484,Ch.16) regarded as the 
sequel to a geometric or accelerat ive phase of growth.  He conducted his 
analysis by treat ing the two  phases as separate, but they may just  as easily, 
and effectively, be considered as parts of cont inuous or S-shaped curves, 
asserted by Laird, Tyler and Barton (1965) as the most  promising funct ions to 
describe potential growth.
Laird et 3/(1965) subjected three we l l - known equations [the monomolecu la r  
equation of Brody (1945: p.543,Ch.16), the logist ic equation of Robertson (1923) 
and the Gompertz (1825) equation, adopted for  biological phenomena by Wrigh t
(1926) and Courtis (1937)] to an analysis against the l iveweight  data of several 
species. They dismissed Brody's curve on the basis that  below the inf lect ion 
point the actual data 'trail off  to the left of the curve' pr imari ly because Brody 
had treated growth rate as proport ional to l iveweight  during the accelerat ive 
phase of growth. Functions of l iveweight  are bet ter predictors of growth rate in 
that range and beyond, a cri t icism made by Parks (1982). Further analysis of 
the predicted specific growth rates of the logist ic and Gompertz equations 
against actual data inclined Laird to a conclusion,  voiced earl ier by Court is 
(1937), that
the empirical f inding that  specific growth decreases 
exponential ly wi th the age of the organism applies to the 
embryonic and post-natal  growth of a variety of wa rm-b looded  
animals and hence their growth is satisfactori ty  described by the 
Gompertzian growth equation. Laird e t 5/(1965).
Furthermore, the Gompertz equation was found to be a useful predictor  of 
pre-natal growth by Robinson and McDonald (1979) and ARC (1984) and was 
favoured by Emmans and Fisher (1986), who employed the funct ion in the 
prediction of the rate of protein growth in the chicken. More recently, Emmans 
(1984,1985,1986,1987) extended its use to pig, catt le and sheep data. 
Whit temore and Tullis (1987) have also encouraged the use of Gompertz
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analysis in the growth of pigs.
Consequently, the Gompertz equation in the form 
Pt = Pm . exp -  [ exp (G0 -  B.t)] (3)
where Pt = an immature protein (or muscle) weight  at t ime t (days)
Pm = mature protein (or muscle) weight  
B = the rate of attainment of matur i ty (d_1); and 
G0 = an initial condit ion = — 'n C - ln  ( Pfc/P«,V]
which has shown many of the propert ies required f rom a growth model  (viz. 
accuracy, simplicity, and meaning) was elected the most  suitable candidate for 
analysis of the rate of muscle gain of lambs fed under non- l im i t ing  condit ions.
1.1.3.1 A Method for Estimating Parameter Values of the Gompertz Growth 
Equation
The value of the parameter B may be derived f rom the data by rearranging
the equation such that
Pt/Pm = exp - [ exp(G 0 - B.t) ] (4)
In (Pt/Pm ) =-exp(G0 - B.t) (5)
-In (Pt/Pm ) = exp(G0 - B.t) (6)
In [-In (Pt/Pm ) ] = G0 - B.t (7)
-In [-In {Pt/Pm ) ] = -G0 + B.t (8)
then by letting Gt = -In [-In (Pt/Pm )] (9)
Gt = -G0 + B.t (10)
which is of the form y = a + bx (11)
and disposes equation (10) to simple, l inear reqression after an estimate of Pm 
has been made. (This task is more easily managed when the data set provides 
values of Pt close to maturity.) Any systemat ic upward or downward deviat ion 
f rom the estimated regression by the data when plotted as in equation (9) 
betrays either a false estimate of Pm (that is, it is too low or too high,
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respectively) or inappropriateness of the Gompertz function. Should the 
regression survive the test of the data, the regression coef f ic ient  supplies an 
estimate of the value of the rate parameter B. The Intercept gives a value for 
- G 0 and the standardised residual an estimate of the variabi l i ty around the 
regression line.
1.1.3.2 The Potential Protein and Muscle Growth Rates of Scottish Blackface 
Lambs
The data of Lloyd et a! (1985) have been analysed here in accordance with 
function (9) using a measured estimate for mature muscle weight , Mm, of 
16.5kg. A low standard residual of 0.08, the absence of systemat ic  deviat ion 
and the high r-squared value indicated a satisfactory correspondence between 
the form of the model and the data. The estimated B value was therefore 
0.0081 (s.e. 0.0002) and G0 was -0.314, giving a descript ion of the potential  
growth curve of muscle for these lambs as
Mt = Mm exp -  [ exp (-0.314 -  0.0081t) ] (12)
where Mm = 16.5kg
t = t ime in days f rom an initial muscle we ight  of 4.2kg.
Equation (12) is employed In subsequent  experiments (Chaps. Ill and IV) to 
predict the expected potential muscle gain of Blackface wether lambs, and 
therefore serves as a standard by which to test the outcomes both of 
treatments expected to support  the potential and those expected to fail.
The chemical data available In the l i terature for  analysis of the protein 
growth curve of sheep under non- l imi t ing  condi t ions supply est imates of 
protein weight  for  either entire rams or foetuses. Emmans (1987) has 
suggested that an appropriate B* (protein) value 4 for  rams is 0.0224. This value 
is expected to be too high for wethers since they are known to grow at s lower 
rates than entire animals (Hammond, 1932; Rhodes, 1969). The B'"(muscle) 
value of 0.0173 derived for muscle growth in SBF wethers may be more
B (protein) -  BPm° 27, that is, the B rate parameter is scaled to the mature prote in w e igh t  of the 
breed (see section 1.3.1)
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realistic. The suitabi l i ty of this tentat ive estimate is assessed in the experiment 
reported in Chap. III.
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1.2 A Theory  to Describe D e v e lo p m e n t  during Potentia l  G ro w th
Sections 1.1.2. and 1.1.3. proposed a resolut ion to the problem of predict ing 
the rate and direct ion of the animal 's impulse to grow into two simple, 
mathematical formulae. It is now the purpose of this section to depict  the 
development of the whole post-natal  lamb by means of combining equations 
(1) with (12) and then to st ructure a review of the abundant  and 
wel l-establ ished l i terature on growth  and development around these 
deductions.
1.2.1 The Waves of Development
In his account  'On Growth and Form', Thompson (1917) pointed to direct 
relationship between the course of development in the animal and the rates of 
growth of the parts, since
a very large part of the specif ic morphology of the organism 
depends upon the fact that  there is not only an average, or 
aggregate, rate of growth common to the whole, but also a 
variation in di fferent parts of the organism, leading towards a 
specific rate characterist ic of each dif ferent  part or organ.
Hammond (1932) adopted the same posi t ion concerning the deve lopment of 
the growing sheep when he stated, simply that  ' the curve of l iveweight growth  
is in reality made up of a number of curves of growth of di f ferent  organs'.
From the two  fundamental relat ionships already int roduced,  (1) that  most  of 
the chemical and anatomical components of the sheep increase al lometr ica l ly 
to protein or muscle weight  and (2) that  potential growth of protein or muscle 
is traced by a Gompertz curve, it fo l lows by mathematical argument that  the 
increase in size of each component  of the body during potential g rowth  is 
given by its own Gompertz funct ion sharing the same rate parameter value (B) 
as protein or muscle growth,  that  is, the same 'average, or aggregate, rate of 
growth common to the whole'  required by Thompson.
For each organ or component  (C), its own Gompertz funct ion is derived 
f rom the value of its al lometr ic coef f ic ient (b values, Tables 1.1,1.2) in relation 
to protein or muscle weight, and the point  of inf lexion [ t ’ (protein)] of the 
protein muscle growth curve,
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where t"(protein) = G0/B
and t"(component) = t (p) + [(In b) /  B]
such that the individual growth curve becomes
Ct = Cm.exp -  { exp [ -B (t - t “(c))]} (13)
where Ct = immature component  weight , kg
Cm = mature component  weight , kg.
This method of analysis was employed by Emmans and Fisher (1986) for 
prediction of post-nata l  chicken growth and is used on the anatomical  data of 
Lloyd et al (1985) wi th the derived values of b, t"(p) and B.The gain of some of 
the individual anatomical components are i l lustrated in Fig. 1.3.
1.2.2 The Order of Development
Hammond (1932) was also amongst  those who contr ibuted the opinion that
the growth of di f ferent  organs takes place in a defini te order 
relative to the requirements of the animal.
which precipi tated an investigat ion by the Cambridge workers into a functional 
interpretation of the order of development of farm animals. Palsson and Verges 
(1952) summarised the f indings of this research in their s tatement that
The major t issues of the body exhibit marked dif ferential 
growth rates in post-nata l  life. The order of increasing growth 
rate with age fo l lows an outward trend f rom the central nervous 
system, to bone, tendon, muscle, in termuscular  fat  and 
subcutaneous fat.
The Gompertz funct ions of the dif ferent  components of the body lend 
themselves to analysis of the point  of maximum growth,  at t = t* (component)  
which occurs when Ct = Cm/e  at a rate dC/dt  = B(Cm/e). Consequent ly,  the 
component  Gompertz funct ions used to produce Fig. 1.3 served in addit ion as 
predictors of the sequence of development, outl ined in Table 1.1, and they 
reveal the same t rend as described by Palsson and Verges (1952). Furthermore,  
the order in which the fat depots matured (intermuscular fat before
A.
subcutaneous fat before kidney knob and channel fat before caul fat, Table 1.1) 
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wethers and. Russel, Doney and Gunn (1971) for  SBF ewes. These workers 
found kidney knob and channel fat to be the last depot to mature and caul fat 
to be the penult imate.
The methods of anatomical dissection in this thesis do not reach to the 
level of detail as those of the Cambridge workers, since more attention is paid 
to the growth of the chemical body and the relation of growth to feeding. It is 
suggested, however, that a version of the proposed method of analysis could 
be employed for the relative rates of growth of, say parts of the musculature 
or skeleton. Using par t -who le  relationships, this line of research has been 
fol lowed by Berg and Butterf ield (1976).
The Cambridge workers, and others since then (Fowler, 1968) extended the 
functional view of development by relating the early matur i ty of the brain, eyes, 
lungs, kidney, heart, oesophagus, abdomen and small intestines to their 'vital 
functions to life' at birth, whi ls t  those organs
which have an unimportant  funct ion until after the lamb begins 
to consume f ibrous foods ( ret iculo-rumen),  or those whose 
function is largely that  of storage of nutrients (fat 
depots)...develop mainly in the later stages of growth.  Palsson 
and Verges (1952).
Such an atti tude, however,  had been cri t icised by Brody (1945: p.640,Ch.17) 
who, quoting Carrel (1931), asserted that the funct ional interpretat ion does not  
add to the understanding of the growth of animals since
The signif icance of a given structural state is bound to the 
knowledge of the corresponding physiological state. Structure 
and funct ion are two aspects of the same thing.
Gould and Lewontin (1979) took  this point further, arguing that the f law in the 
functional approach was the absence of an independent, empirical scale for the 
scientist to decide whether  an organ was useful, or not, to the animal. The 
suggestion f rom these cri t icisms seems to be that  biologists interested in 
growth make do wi th empirical descript ions of development free f rom 
functional interpretation.
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1.2.3 The Growth of the Whole
1.2.3.1 L ivewe ight  Gain
For completeness,  the growth of the various components of the body can 
now be brought  together to describe the gain in l iveweight  (LW) and the 
changes in the proport ions of the LW as the lamb grows under non- l im i t ing  
condit ions. The interest shown by animal scientists in the LW growth curve is 
understandable when the advantages of picturing the progress of the whole 
animal and of taking direct and repeatable measurements of l iveweight are 
appreciated. LW is also the most  general way of describing sheep for the 
purposes of managing product ion systems. However, a problem persists in 
that there is no simple descript ion of the LW growth curve because of the 
fai lure of gut- f i l l  and gut components to adhere to an al lometr ic relat ionship 
wi th any other component .  However, by aggregation of the Gompertz curves of 
al lometr ical ly related components, the Gompertz equation can often give as 
good a descript ion of l iveweight  gain as Brody's curves (Taylor, 1968; Tull is, 
1982) or other more elaborate funct ions (for example, that of Moore, 1985).
Consequently, Gompertz functions have been f i tted to the LW data of Lloyd 
et a! (1985) and, with a measured estimate of the mature LW of 82kg, the B 
value for LW gain of SBF wethers was calculated to be 0.0076 (s.e 0.00014). 
Addit ional data, available f rom the same source, on the LW gain of Suffolk X 
Greyface wether lambs also provided a means of estimating the B value 
(0.0078, s.e. 0.00016) for a Gompertzian descript ion of their LW gain. These two 
descript ions are used in fol lowing experiments as standards for  judging the LW 
performance of test  animals.
1.2.3.2 The Changing Proportions in the Body
The more immediate and measurable quanti ty of the animal 's LW 
encouraged the custom of portraying the increase in weight  of organs as a 
proport ion of the LW, and then to outl ine the changes in these proport ions wi th 
time. Hammond (1932) favoured such an approach but was also aware of the 
pitfalls of the analysis. A drop in the proport ion of one component  necessari ly 
results in a rise in the proport ion of the remainder. Consequently, changes in 
the form of the animal can become exaggerated particularly when used to 
interpret the effect of restricted feeding on growth and development (see Chap. 
III).
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Lawes and Gilbert (1860) concluded f rom the analysis of proport ions that 
the development of the sheep proceeds through
a diminishing percentage of total offal parts and an increasing 
percentage of total  carcase parts, as the animal matures and 
fattens, and of the internal parts, the loose fat alone [caul fat] 
increases both in actual weight, and percentage proport ion,  with 
the progress of the animals.
The f indings of Hammond (1932) described a simi lar fall in the proport ion of 
each of the offal components (head, pluck and liver), a near constant  proport ion 
of pelt, and a rise in the proport ion of caul fat after birth. Moreover, he 
observed a fall in muscle and bone proport ion,  and an increase in fat 
proport ion in the carcase as the lambs matured.
The avai labi l i ty of easily managed component  growth  funct ions derived 
f rom the data of Lloyd et at (1985) meant  that  the proport ionate changes in the 
form of the LW of SBF wether lambs could be generated for a compar ison wi th 
Hammond's f indings. These derivations, presented for muscle, bone and fat in 
Fig. 1.4 show ample agreement with the t rends described by Hammond (1932) 
and summarise the changes brought  about  in sheep growing at their potential 
rate. Similar changes were also mirrored in the calculated proport ions of the 
chemical components in the Schemat ic Body. A fall in protein and ash, and a 
rise in lipid content  of the em p ty -body  during potential  growth,  was observed, 
In accordance with the now established views of chemical growth given by 
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1.3 A General  S t a t e m e n t  on the  G ro w th  of Sheep
1.3.1 Standardising Potential Growth
The mathemat ical descript ion of growth,  outl ined in the preceeding pages, 
is so far l imited to predict ing weight  gains of the whole and parts of a sheep 
of a particular breed. It is not a general s tatement about the breeds which 
make up the species Ovis aries  or about sheep as a species of mammal.
Thompson (1917), however, offered the hope to analytical biologists, who 
take a mathemat ical att i tude towards the problem of growth,  that
we soon reach through mathematical analysis to mathemat ical 
synthesis: we discover homologies or identi t ies which were not 
obvious before and which our descr ipt ions obscured rather than 
revealed.
Brody (1945) took up this idea and pronounced that
A fundamental  characterist ic of l iving things is that  they are 
alike in general plan and dif ferent  in detail.
His work, on a wide range of mammalian species showed the general nature of 
the interspecif ic relat ionship between mature size and t ime taken to mature (i.e. 
the larger the animal, the longer the time), but his work  was left largely 
undeveloped. Gunther and Guerra (1955) joined in the expansion of these ideas 
with a theory of biological simi lari t ies based on dimensional analysis. However, 
Taylor (1965, 1968, 1980a,b,c) offers the most  complete proposals of 'genet ic 
size-scal ing rules' for standardising mammal ian growth curves, wi th respect  to 
the genetic di f ferences in body size.
The rules, reported in his 1980a paper are:
1) Treat all age and t ime variables for the ith genotype as 
directly proport ional to Aj027 where Aj is the mature body weight  
of the ith genotype.
2) At every age standardised treat all cumulated inputs and 
outputs for  the i* genotype as direct ly proport ional to A,
The value of the exponent in rule (1), 0.27 or 1 -  0.73, has been empirical ly  
derived f rom large and diverse sets of data on the mature body we ights of 
mammalian species, handled f irst ly by Brody and latterly by Taylor.
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1.3.2 A Comparison of Breeds
The method of Taylor (1980a) can be used to formulate the general 
proposit ion that there are no dif ferences in the potential growth of d i fferent  
sheep breeds once their growth curves have been standardised by appl icat ion 
of the scaling rules. It is suggested that  standardisat ion of the growth  curves 
of, in this instance, dif ferent sheep breeds, and a compar ison of the curves 
with an empirical ly derived mean for  all sheep would indicate deviat ions that 
could not be expected once the dif ferences in mature size had been accounted 
for.
Unfortunately, few experimenters have tested sheep breeds by compar ing 
their standardised potential growth curves across wide ranges of maturi ty.  
Seldom are the data reported in a form on which an independent  analysis can 
be made and f requent ly it is evident that  the lambs were reared under 
restricted or constrained feeding regimes. In these cases the experiments are 
a test of a genotype's response to l imit ing envi ronmental  condit ions rather 
than a definit ive descript ion of the breed.
Lawes and Gilbert (1859), Hammond (1921) and Palsson (1950) compared the 
body composit ion of a large number of breeds and crosses, under various 
feeding regimes, thereby describing each as 'ear ly-matur ing '  or ' late matur ing' .  
Theoretical and experimental investigat ions since then conclude that  these 
descript ions broadly, and simply, correspond to 'small '  and ' large' mature size.
McClelland, Bonaiti and Taylor (1976) made a standardised compar ison of 
breeds, and chose the Soay, Southdown, Finnish Landrace and Oxford Down 
breeds to test the body composi t ion of sheep across a wide range of mature 
sizes. Their experiment ran f rom 0.4 to 0.7 maturi ty. Breed and sex dif ferences 
were reported to have 'disappeared' at the same degree of matur i ty  when the 
data were expressed as percentage proport ion of body or carcase weight . Only 
the Soay breed showed signif icant ly less fat in its body than the other  breeds, 
a f inding which Hammond (1932) attr ibuted to the immatur i ty  of the sem i-w i ld  
Soay when compared wi th domesticated and improved breeds. The Soay may 
have to be regarded as an exception to the rule.
Searle and Graham (1972), Kempster and Cuthbertson (1977) and Theriez, 
Tissier and Robelin (1981) also report that  breed dif ferences at the same
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degree of maturi ty, if found, are usually small, and mostly associated with fat 
deposit ion. Since the fat depots are such a variable component  of the empty 
body, caution must  be exercised in drawing conclusions f rom such breed 
dif ferences' which could arise if some of the animals were not given 
non- l imi t ing  condi t ions for  growth (see Chap.II). Butterfield et at (1983) 
reported no dif ferences in the growth and development of large and small 
strains of Austral ian Merinos after scaling for mature size.
McClel land and Russell (1972) offered evidence to show that fat dis tr ibut ion 
varies between breeds, for  instance, down breeds showing more subcutaneous 
fat than mountain breeds which have larger internal fat depots. Despite the 
dif ferences in distr ibution, however, the authors suggest  that the total 
proport ion of fat in the body at the same degree of matur i ty may remain the 
same. Lawes and Gilbert (1859) drew attention to these type di f ferences in their 
early compar isons of sheep breeds.
The nutri t ional histories of the cross-bred lambs of Fourie, Kirton, and Jury
(1970), Vesley and Peters (1972), Carter and Kirton (1975) Oskowski and Borys 
(1976), More, O'Ferrall and Timon (1977) and Wood, Macfie, Pomeroy and Twinn 
(1980) are, at best, described only vaguely, which l imits the scope for 
conclusion f rom these studies. Only Wood et a¡ (1980) make an at tempt to 
relate their f indings to degree of maturity.
However, More O'Ferrall et al (1977), Wolf, Smith and Sales (1980) and 
Notter, Ferrell and Field (1984) unite in concluding that Dorset Down crosses 
have a higher fat content  than other breeds. They are, nevertheless, a small  
breed (c. 77kg, Croston and Pollott, 1985) and would therefore be expected to 
have a higher proport ion of fat in their bodies when killed at simi lar LWs to the 
larger breeds.
The data of Wolf  et a! (1980) and Latif and Owen (1980), and the analysis of 
Cameron and Drury (1985), showed Texel crosses to have a higher proport ion 
of muscle in their bodies than crosses f rom other sire breeds. Only Cameron 
and Drury (1985) make a standardised compar ison to st rengthen thei r  
conclusions.
It would seem necessary, however, before drawing conclusions, to subject  
sheep breeds to a considered and systemat ic comparison,  employing 
standardising techniques for analysing the growth data of lambs reared under
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non- l imi t ing condit ions. The compar ison of breeds under condit ions where 
insuff icient attention has been paid to the nutr i t ion of the lambs come under 
particular cri t icism since it wil l  be demonstrated in Chaps. II and III that  the 
fattening characterist ics of sheep are highly sensitive to feeding.
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CHAPTER 2 
NON-LIMITING CONDITIONS FOR THE GROWTH OF SHEEP
2.1 Introduction
In Chapter I the idea was int roduced that  an animal inheri ts a g rowth-plan ,  
coded in its genotype, which determines, for that individual, the upper l imit to 
the path of its growth towards full fecundi ty  at a certain mature end-point .  
The potential growth of the organism is then manifested and becomes actual, 
when the material increase in mass accords with that of the intended 
growth-plan. However, Aristotle's fur ther observat ions on animals suggested 
that what  dist inguishes their existence f rom that  of a plant or a non- l i v ing  
rock, is that an animal
Is that  which moves itself, that the origin of this is unmoved,  
and that the f irst mover must  necessari ly be unmoved De Motu 
Animal ium.
Aristotle seems to have been asserting that  the animal Inherits, f rom the 
moment of conception, not only a coded g rowth-p lan  in its genotype,  but also 
a mot ivation and a means by which to attain the potential of that  plan. Orexis 
(appetite) was a result of the mot ivation to fulfi l l  the growth-plan.  That the 
genotype of 'successful '  parents provides their offspring wi th all they need to 
be able to fulfi l l  themselves is still fundamental to theories of organic 
evolution.
2.2 The Mater ia l  Resources of Growth
To Empedocles (c. 493-433 B.C.) and, after him, Aristotle, matter  took  one of 
four fo rms— air, water, fire and earth— which today's biological chemist  would 
interpret, respectively, as oxygen, water, energy, (yielded f rom the food) and the 
building blocks of ' the body, also found In the food, namely prote ins and 
minerals. The appeti te of an animal is thus for these four  material resources. 
However, in the context  of feeding behaviour, the term appeti te is used str ict ly 
in the sense of desired feed intake (DFI), that  is, the quanti ty of feed required
33
to provide what is necessary to satisfy the demands of the g row th -p la n .5
In animal science it is taken for granted, in all experiments except  those 
with aquatic species, that the individual may be left to decide how much air, 
and of what  quality, it needs. Commonly,  an animal is also trusted to regulate 
its own intake of water, in relation to its intake of other resources. It is 
thought  important  to bear these facts in mind when considering the v iabi l i ty of 
the extension (to the view that  an animal can choose what  air and water  it 
needs) to that which recognises the animal's desire for the 'fire' and 'earth' 
found in its food. Since Forbes (1987) has reviewed the evidence which 
supports the belief that animals are capable of adjust ing their intake of energy 
('fire') according to their needs, the more coherent  view should hold that  the 
animal also possesses the abil i ty to choose, f rom each of the four  e lements 
including the 'earth', a combination of resources which provides what  it needs 
to satisfy its growth-plan. Some choices may be more dif f icul t to make, or 
less pressing than others. Choices about air or water  intake may then be seen 
as urgent requirements because of the t ime-sca le  on which the effects of 
deprivation of these resources are measured. Choices about  the rates of food 
resource intake, however, may be rapidly changing, of marginal benefi t  to the 
animal, or more complex in nature. They may therefore be less readily 
apparent to observation. This v iew depends largely on the type of descr ipt ion 
made of the 'fire' and 'earth' in the food.
Armsby (1908) aff irmed his 'Principles of Nutri t ion'  on the centu ry -o ld  basis 
that both the food and the animal can be related to one another in terms of 
mat ter (earth) and energy (fire). Together they form a system in chemistry  
which complies wi th the laws of thermodynamics laid down by Mayer and 
Helmholtz (Kleiber, 1961). A full chemical descript ion of the set of material 
resources found in food consists of a lengthy list of organic and inorganic 
molecules, which includes the categories carbohydrate, lipid, amino acids, 
minerals and vitamins. Here, for  the t ime being, the dry matter  of the food 
(henceforth called feed) wil l  be regarded simply as yielding three components,  
namely ash, protein and energy. The 'earth' bui ld ing-blocks are in the fo rm of 
either non-organic matter (ash) or nit rogenous organic matter  (protein). That
There is, therefore, no place for the usage of the term appeti te as 'the amount of feed w h ich  
the animal eats' since only one case satisfies this condition, i.e. when DFI = actual feed intake. 
The important d istinct ions between actual and desired feed intake are addressed subsequently.
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portion of the digested protein which is not stored is catabol ised, and yields 
energy. Part of this energy yield may be used by the animal for its own 
purposes, i.e. the metabolisable energy yield of protein. This quant i ty must  be 
added to the energy yielded by the non-n i t rogenous  organic matter  to give the 
total energy (metabolisable energy) f ract ion of the feed. The remainder is lost 
f rom the animal in the urine.
The fulfi l led growth-plan  of the sheep, as best It be known, has already 
been described in chemical language as a certain desired rate of gain of 
protein matter, associated with st rict  but changing ratios of protein to water, to 
ash and to lipid. This stored, or retained, matter can convenient ly  be expressed 
at the same t ime as a store of potential energy. Therefore, the correspondence 
between animal and feed in chemical descr ipt ions permitted the f irst 
nutr i t ionists (reviewed by Armsby, 1908) to assert that  an animal has a set of
resource requirements 6 f rom its feed, which Waters (1908) summarised as
having the fo l lowing uses to the animal:
We have assumed that  the uses to which an ungrown animal 
puts its feed are divided as fol lows:
(a) Maintenance
(b) Production of Growth [protein + water  + ash]
(c) Production of Fat [l ipid]
That the full and complete requirements of maintenance must  
be satisfied before any sort of product ion can occur, and that  
after the maintenance requirement is ful ly satisfied, the
product ion incident to the offering of feed in excess of
maintenance wil l  take the form of growth,  up to the l imi t in rate
of the capacity of the animal as determined by heredity. Any
food supplied above these two requirements, and up to the l imit 
of appetite, and the digestive and assimilat ive capacity of the 
individual would be stored in the body as fat.
In this scheme, gain of protein, water  and ash are dist inguished f rom fattening,
and the former are seen as having priori ty for the resources during the growth
period.
In this thesis, reference is made to the metabol isable energy (ME)
that is, a rate at wh ich the animal needs to be supplied w ith  energy or a nu tr ien t in order to 
survive, grow and fatten (Emmans and Fisher, 1986).
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requirements of the animal (the basis of the ARC, 1984 system) for  the 
i l lustration of key ideas in nutri t ion and the formulat ion of feeds and the
test ing of outcomes in the experiments. Where a second test  has been
necessary, the predict ion equations of Emmans (1988) for  effect ive energy 
requirements have been employed.  The problems of f inding a suitable scale on 
which to measure the protein yield of feeds and the requirements of ruminants 
are presented later in relation to the concept  of nutrient: energy (that is, ME) 
ratio of the feed.
2.3 A Theory of the Condit ions which are N o n - l im i t in g  to G ro w th
The old idea that  an animal seeks what  it needs, f rom its environment,  to
survive and to express its potent ial  for  growth and fat tening requires the
definit ion of those condit ions under which non- l im i ted  ful f i l lment  of the 
growth-plan may be expected, that  is, the condi t ions under which the appeti te, 
or desired feed intake (DFI) is satisfied.
Assuming a ready avai labi l i ty of air and water, four  necessary condi t ions 
may be dist inguished:
(i) the feed must  be freely given ad lib itu m
(ii) the feed must  not constrain intake to a level below DFI through its 
bulkiness.
(iii) the feed must  not l imit intake to a level below DFI through its toxici ty.
(iv) the feed must  not be f i rst  l imit ing in a nutrient. When the total  feed 
intake yields the desired energy intake, the ratio of protein to energy and ash 
to energy in the feed must  give at least the desired quanti ty of those nutrients.
2.3.1 The Necessity of Free Feed Supply
That the f i rst  necessary condit ion is free and cont inuous ad lib itu m  access 
to at least one feed obviously precludes the feeding of restricted quanti t ies of 
any feed if the animal is to express its potential for growth.  The response of 
the animal to the imposit ion of l imit ing nutri t ional condit ions are the subject of 
Chapter III.
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2.3.2 The Influence of Feed Bulkiness
However, ad lib itu m  access to the feed supply is a necessary but not 
suff icient descript ion of non- l im i t ing  condit ions, since only a subset  of all 
feeds, fed singly ad lib itum , can satisfy the needs of the animal.
For instance, a growing lamb, given ad lib itu m  access to a single feed, wil l  
require a certain quanti ty to satisfy its appeti te for energy and protein, but if
the feed were progressively di luted by an inert f i l ler (e.g. sand or l ignin) the
'bulkiness' of the feed may prevent  the animal f rom eating the feed at an 
adequate rate. Feeds which are we l l - known to be l imi t ing in this way are 
roughage feeds such as hay, silage and straw (Blaxter, 1962; Balch and 
Campling, 1962 and Campling, 1964) and the growing lamb is often subjected 
to feed constraint  by bulk (Campling, 1964). However, scales fo r  measur ing
bulkiness in feeds have not been found reliable across all feeding condit ions.
Van Soest (1965) suggested a relat ionship between cell wall const i tuents and 
feed intake of roughages. Baile and Pfander (1967) claimed greater accuracy 
through the measurement of the bulk density of the feed. Davies (1962) 
showed that decreasing dry matter  content  of feeds could also be regarded as 
Increasing their bulkiness. Waldo (1986) reviewed old and current ideas on the 
capacity of ruminants for  bulky feeds and discussed the recent ly  proposed 
INRA fill unit system which describes feeds by their 'fill value' relat ive to a 
standard or reference forage.
Bulky feeds therefore contain a large proport ion of undégradable matter,  
either in the form of inert ash, water  or indigestible organic matter  such as 
plant cell walls and lignin. Commonly,  such feeds are associated wi th low 
protein contents (Henry, 1902). Bulky feeds also result when thei r const i tuents  
have a large particle size. For example, unchopped st raw is bulkier than 
ground st raw because the former requires more chewing and regurgi tat ion,  
and, therefore, the rate of intake is s lower (Balch and Campling, 1962). If the 
animal cannot  recover this defici t  by eating for longer in the day, it wi l l  have a 
constrained feed intake (CFI) which wil l  fail to satisfy its appeti te for  one or 
more resources (CFI less than DFI).
The capacity of a ruminant  for  bulk is not only a ref lection of the physical
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volume of its ret icu lo-rumen, which develops most  when st imulated by the 
intake of roughage feeds (Wardrop, 1960), but also the ruminant 's capabi l i ty to 
chew and digest  coarse fodders (Campling, 1964). The low protein content  of 
most  roughage feeds renders them less digestible (more bulky) because the 
microf lora rely on a certain ni t rogen supply to support  their own growth,  and 
hence their fermentat ive activi ty (Johnson, Hamil ton, Mitchell  and Robertson, 
1942). Egan and Moir (1964) showed that  infusions of urea increased the 
digestibi l i ty (and thus, intake) of a low protein basal feed given to sheep.
The theory of a desired feed intake (DFI) asserts that  an animal wil l try to 
eat enough of a given feed to satisfy its appeti te for the f irst resource (nutrient 
or energy) l imit ing to growth.  Therefore, taking animals wi th the same capacity 
for bulk and capacity for  growth given feeds of uni form particle size, the theory 
predicts that  actual feed intake wil l  init ial ly increase as the proport ion of 
undegradable matter (bulk) in the feed increases. Conrad, Pratt and Hibbs 
(1964) showed, in the cow, that this was the case as feed digest ibi l i ty fell f rom 
0.8. Owen, Davies and Ridgman (1969) and Dinius and Baumgardt  (1970) report 
analogous examples In sheep. At a crit ical bulkiness (digestibi l i ty), actual feed 
intake wil l be maximised, when bulk intake reaches the bulk capacity of the 
animal. In the experiment  of Conrad et at {1964) this point was found to be at 
an equivalent digest ibi l i ty of 0.67. From this point, as digest ibi l i ty fal ls further, 
actual feed intake wil l  decl ine as the animal 's intake becomes increasingly 
constrained by its capacity for bulk.
2.3.3 The Interference of Feed Toxicity
The effect of toxins in feeds on the health and feed intake of animals is a 
broad and complex topic. At  one extreme, poisons such as st rychnine and 
cyanide, are immediate and lethal in their action, whi ls t  toxic metals, such as 
lead and cadmium, can be immobil ised in the bones, teeth and brain, and 
despite high levels of intake over many years may never show any destruct ive 
effect on the animal. However, should the animal become stressed, or fevered, 
the accumulated metal is released into the bloodstream, causing widespread 
metabol ic disorder (Duffus, 1980). For the most  part, toxins in feeds result  in a 
fail, or temporary cessation, in feed intake whilst  the animal degrades, 
immobil ises or excretes,up to a certain threshold,the offending substance 
(Duffus, 1980; Clarke, Harvey and Humphreys, 1981).
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2.3.4 The Desirability of Ideal Feed Balance
When describing f reely-offered,  highly digestible, non-bulky, non-tox ic  
feeds in terms of their nutrient: energy (ME) ratios, they are found to divide 
convenient ly into two sets, wi th respect to the needs of the animal. The f irst 
set are those which are f i rst  l imi t ing to growth in a nutrient. These feeds are 
imbalanced and often l imit ing to growth since the animal must  exceed DFI 
(energy) in order to acquire its DFI (nutrient). In this case DFI (nutrient) may not 
necessari ly be achieved before intake is constrained by heat stress or feed 
capacity. The other set of feeds is not f irst l imit ing to growth in a nutrient. 
These feeds are not l imit ing to growth but are imbalanced in relation to the 
animal's needs because the animal must  process an excess nutrient  intake 
whilst  attaining DFI (energy).
It fo l lows that  for  a given nutrient  there is only one nutrient: energy ratio, 
which is both balanced and non- l im i t ing  to growth because it al lows the 
animal to satisfy the unique and ideal condi t ion of DFI (nutrient) = DFI (energy) 
when in a given state and envi ronment. Considerat ions of the balance of 
protein and energy in the feeds given to a ruminant  must  f irst be t reated 
conceptual ly, since it is not easily possible to make a reliable numer ical 
analysis of the ideas that  survives test ing against the plentiful data on the 
subject. Scales for measuring the actual supply of protein to the animal (truly 
absorbed amino acid ni trogen, TAAN, Oldham and Webster, 1986) are stil l being 
developed (INRA, 1978; ARC, 1984; Madsen, 1985; NRC, 1985). There is 
universal recognit ion that  in the ruminant  the protein yield of the feed is partly 
dependent  on the metabol isable energy yield which means that  energy and 
protein, as a balance in the feed, cannot  be treated as independent.
The concepts employed in most  of the quoted systems for predict ing the 
protein supply of feeds are typi fied by the proposals of ARC (1984), Chapter IV. 
The microf lora of the rumen are known to synthesise protein during their  own 
growth (protein which is eventual ly yielded to the animal) f rom both 
non-prote in (NPN) and pro te in-n i t rogen in the feed. The product  of microbial  
synthesis (microbial amino acid nitrogen, ARC 1984) is dependent on the supply 
of degradable nitrogen (RDN) and the energy-yie ld ing component  of the feed. 
The remaining component  of the protein in the feed is undegradable (UDN), 
part of which is digested and absorbed by the animal, adding to TAAN, and part
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of which is voided in the faeces (FN).
Nevertheless, it is conceivable that a subset  of all single feeds wil l  be 
non- l imi t ing  to growth i.e. when DFI (energy) is greater than or equal to DFI 
(nutrient). Single feeds, rich in protein and ash (high nutrient: energy ratio) wil l  
permi t the animal to express its potential for  growth,  provided that  the animal 
can process the excess nutrients consumed, as it a ttempts to satisfy its DFI 
(energy). Single feeds with low nutrient: energy ratios, however, wi l l  be l imit ing 
in some cases, since the animal wil l  satisfy its requirements for energy before 
gaining suff icient nutrients to attain its potential  rate of growth.  A simple 
numerical example can be taken to i l lustrate this point, using typical values for  
a 20kg Blackface lamb.
Suppose that  the lamb is seeking to g row protein at a rate of 30g/day,  and 
gain lipid at 90g/day (Chap. I) and that  a feed A containing 0.14 DCP and 
yielding 10 MJME/kg is per fect ly balanced [I.e. DFI (protein) = DFI (energy)] for 
the lamb at a rate of intake of 0.9kg/day. From the knowledge that:
MEI = ER + H
where
MEI = metabol isable energy intake,
ER = energy retent ion and
H = heat loss
and that  the potential energy of stored protein is 23.8kJ/g, and of l ipid is
39.6 kJ/g, the heat loss in this case must  be 4722kJ/day [See Table 2.1,
case (a)].
If a feed B, wi th the same yield of ME but a protein content  of 0.10DCP, is 
now given to the lamb (and, for  simpl ici ty, all DCP is assumed to be of equal 
quality), the intake of feed is expected to rise to 0.9 X 0.14/0.10 = 1.26kg, as 
the lamb attempts to satisfy its DFI (protein) of 126g/day. The surplus 
consumption of energy (3600kJ) may be dissipated as heat or stored as lipid 
[case (b) Table 2.1]. If the lamb is assumed to use ME for  lipid synthesis wi th 
an eff iciency of 0.50, the lamb can convert  the 3600kJ above its DFI (energy) 
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If the lamb is able to dissipate the extra heat generated, it wil l  sti l l  attain its 
potential growth,  by the definit ion given as a progressive increase in protein 
weight  towards maturi ty, and the feed may be considered non- l im i t ing  to 
growth. However, the lamb has been obl iged to exceed its desired l ipid.protein 
ratio at a given degree of maturi ty, as an adaptive response to a sub-op t im a l  
feed and is therefore not adhering to the direct ives of the growth-p lan ,  its 
' true' potential. Feed B, in case (b), is therefore an imbalanced feed which is not 
l imit ing to growth.
As the protein content  (g/kg) of the single feed offered falls further, feed 
intake is predicted to increase in relation to the protein requirement (g/day) 
until the lamb can no longer synthesise and store the necessary extra lipid and 
dissipate the surplus heat, or accommodate  the larger volume of feed 
consumed, whichever constrains Intake first. At this point, the lamb fails to 
meet  its DFI (protein) and the feed, though offered ad libitum, is l imi t ing to 
growth.
For the examples In Table 2.1, where the lamb is growing protein fast in 
relation to its rate of l ipid gain, it Is expected that  the feed conversion ratio (g 
feed intake per g gain) wil l  rise on lower protein content  feeds because lipid 
wil l  contribute a greater proport ion to the empty body gain. Also, If the lamb 
is able to dissipate the extra heat, the empty body gain on the low protein 
content  feed wil l  exceed that  on the higher protein content  feed because of the 
surplus lipid gain. An increase In the ad lib itu m  feed intake and an increase in
the feed conversion ratio fo l lowing the introduction of a single feed of low
protein content  has been shown in sheep (Ranhotra and Jordan, 1966), chickens 
(Kirchgessner, Roth-Maier  and Gerum, 1978) and pigs (Kyriazakis, Emmans and 
Whit temore,  1987). Their data are presented in Table 2.2.
However, the necessity for  a homeothermlc  animal to lose the excess heat 
generated in using a certain intake of feed for  t issue synthesis means that  the 
idea of a balance between nutrient  and energy in the feed must  be considered 
in relation to the envi ronmental  temperature,  since the desire of the animal to 
remain thermal ly neutral with respect to its envi ronment governs the actual 
balance of a given feed intake at a given ambient  temperature.
Thermoneutral i ty is achieved when DFI (nutrient) = DFI (energy) and the animal 
is in balance with the warmth of its envi ronment in such a way that  it need not 
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The idea of thermoneutra l i ty , and its relation to the balance of the feed, is 
best i l lustrated by referring to the theoret ical case considered in Table 2.1. In 
that instance, the assumpt ion that  the excess energy intake could be disposed 
of by laying down lipid and losing extra heat, meant  that  the lamb is case (b), 
on the imbalanced feed, could increase its intake of energy in order to reach 
DFI (protein). However, if it is supposed that  lamb (b), Table 2.1 on the 0.10 
protein feed, is not able to dissipate the extra 1800kJ of heat which it must  to 
reach DFi (protein), then ME intake wil l  be constrained to 9000kJ (0.9kg of feed) 
and DFI (protein) wil l  not be attained [case (c), Table 2.1]. Putting aside the 
problem of maintenance protein requirement and taking the same value for the 
eff iciency of protein use, 0.238 or 30/126 as in case (b), Table 2.1, it may be 
deduced that  the lamb wil l  store only 510kJ as protein, the remainder of its ME 
intake being directed into lipid retention (3768kJ), al lowing dissipation of the 
imposed 4722kJ of heat. In this way the animal remains thermal ly  neutral at 
that temperature but the feed is both imbalanced and l imit ing to growth.
Only when the lamb is put into a colder envi ronment,  on the low protein 
content  feed, wil l  it be able to lose the necessary extra 3600kJ through the 
increased energy cost  of maintaining its internal body temperature.  In 
consuming 1.26kg of feed, it wil l  reach DFI (protein) and grow at its potent ial  
rate [case (d), Table 2.1). The 0.10 protein content  feed wil l  then be balanced 
and non- l imi t ing  for that lamb at that  ambient  temperature.
An experiment  made by Andik, Donhoffer, Farkas and Schmidt (1963)
showed how strongly envi ronmental  temperature can inf luence the effect ive 
balance of nutrient  and energy in a feed by altering DFI (energy) relative to DFI 
(protein). At  room temperature (20-25°C), rats offered a feed ad lib itu m  wi th
0.04 crude protein, ceased to grow, and died, because they failed to obtain
enough nutrient  before heat stress co n ta in ed  their  intake. When the same feed 
was offered to the rats at 5°C ambient temperature,  they doubled their  feed 
intake, achieved a higher nutrient  intake and grew well because the cooler  
envi ronment increased their energy requirement for the achievement of 
thermoneutral i ty.  Gibb and Penning (1972) showed a simi lar but less dramatic 
effect on feed intake and growth of mi lk- fed lambs at three di f ferent
envi ronmental temperatures.
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Finally, returning to the main argument, the ideal balance of nutr ient  to 
energy in a feed may also be expected to change as the animal grows.  In 
Chap. I, it was shown that  protein g row th - ra te  reaches a maximum at a degree 
of maturity, u = 0.367 or Pm/e, where Pm is the mature protein we ight  and e is 
the base of natural logari thms.  Lipid contr ibuted an increasing proport ion to 
the gain of the e m p ty -body  as the lamb matures. If maintenance energy 
requirement also increases at the same rate wi th matur i ty as maintenance 
protein requirement (Emmans 1988), it may be predicted that  an ideally balanced 
feed for a new-born  lamb (in which lipid makes a small contr ibut ion to the 
empty -body  gain) has a h igher nutr ient:energy ratio than that  required by the 
same lamb when it has passed the point  of maximum protein growth.  The
ideal balance would therefore be expected to fall systemat ical ly as the lamb
matures.
Therefore, in this review of the nutri t ion of animals, the def ini t ion of 
non- l imi t ing  condit ions for the expression of potential for  growth  has emerged 
as ad lib itum  access to a balanced feed which does not constrain intake by its
bulkiness, and which is free f rom toxins.
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2.4 The Provision of N o n - l im i t in g  Condit ions for  G ro w th
Pursuing the theme that:
(i) animals inheri t a growth-plan,
(ii) animals have a need for  certain resources to meet  the speci f icat ions of 
the growth-plan,
(iii) animals inherit a mot ivat ing desire, called appetite, to acquire each of 
these four resources,
it fol lows that  there are only two  ways of providing non- l im i t ing  condit ions 
for the growth of animals, namely:
a) ad lib itum  access to a single feed which is not f irst  l imi t ing in a nutrient
b) ad lib itum  access to a set of feeds, a possible com b ina tion  of which is 
not f irst l imit ing in a nutrient.
2.4.1 Non-lim ited Growth on a Single Feed
The entire argument of Chap. II so far was used to just i fy  the adoption of 
the data of Lloyd et al (1985) in an analysis of the potential  for  growth  in sheep 
in Chap. I. The lambs in that  experiment, offered ad lib itu m  access to a single 
feed which contained 158g CP/kgDM (source: soyabean and f ishmeal) and a 
v i tamin/minera l  supplement, conformed in their  feed intake characterist ics to 
the pattern expected by a theory which predicts the energy requirements for 
maintenance, growth and fat tening (Emmans, 1987).
Further data are presented in Exps. 2, 4 and 5 to veri fy that ad lib itu m  
feeding of single feeds wi th high nutrient: energy ratios is a suitable method 
for permit t ing an animal to express its potential rate of growth  and change in 
form.7 Indeed, ad lib itum  access to single feeds is one of the most  established 
methods of feeding growing animals 'to appeti te'  (McMeekan, 1940; Searle et ai,
And, conversely, or rather in terdependently, tha t the methods of describ ing potentia l g ro w th  in 
Chap. I retain the ir  usefulness upon fu r the r  testing.
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1972; Parks, 1982; Thompson and Parks, 1982). However, it is important  to 
remember that the animal under this feeding regime is not given complete 
freedom in which to discr iminate between its appeti te for energy and for a 
certain nutr ient in its diet. It can never have the chance to choose an ideal and 
changing feed balance and could become constrained if its required feed 
balance rose above that supplied in the feed, during the occasion of increased 
envi ronmental hotness.
Consequently, it would lead to greater surety on the part of the 
experimenter of the provision of non- l im i t ing  condi t ions for  g rowth  if the 
animal were int roduced watchfu l ly  to a range of feeds of widely di f ferent  
nutrient: energy ratios and left to make a free choice of its own diet.
2.4.2 Non-limited Growth on a Set of Feeds
Therefore, an alternative way of providing non- l im i t ing  condi t ions for  the 
growth of animals is to give each individual a free choice of the type and 
quanti ty of each of the four  resources it requires.
Stabler (1911) and Evvard (1915) adopted this approach when they offered 
growing pigs a cont inuous,  ad lib itu m  choice between any of seven feeds 
(whole corn grain, meat meal, whole oats, charcoal, oil meal, l imestone and 
salt). They expected that, f rom the diverse choice of feeds offered, the pigs 
would find a non- l imi t ing combination (a diet) because they considered 'the 
appetite of swine a reliable Indicator of physiological needs'.
On the basis of his results, Evvard (1915) commended the f ree-cho ice  
system of feeding since it,
enabled and encourages maximum development:  in other words 
actual ly permits the inheri ted speci f icat ions to be ful f i l led to all 
intents and purposes.
Evvard's pigs had grown well; some had gained we ight  faster than any 
previously recorded at the Iowa Agricultural Station. He also st ressed the 
finding that, as the pigs grew, they maintained a varying balance between 
protein and energy in their total feed intake by changing the proport ion of each 
of the feeds in the selected diet. When young, the pigs chose a diet rich in 
protein, then, as they became larger, they ate a smal ler proport ion of the 
protein-r ich feeds in their diet.
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A d lib itum  access to more than one feed, a possible combinat ion of which 
is not f irst l imit ing in a nutrient, would appear to have been a viable alternative, 
if not an improvement,  on its lesser cousin, ad lib itu m  access to a single feed. 
Indeed, since Evvard's enthusiast ic debut, there has been much exper imentat ion 
carried out on the topic of choice- feeding ( though not always with a str ict ly 
nutri t ional object ive) in which many species have been subjected to a range of 
options. The data f rom these experiments may be used to chal lenge Evvard's 
view about the animal 's abi l i ty to d iscriminate between feeds by asserting a set 
of 'Rules of Diet Select ion'  that  the animal should fo l low if it is to opt imise its 
diet. If the expectat ion that  an animal exercises its choice in directed manner is 
fulfi l led, it wil l then be possible to decide upon the suitabi l i ty of choice- feeding 
as a reliable technique in future assessments of the animal 's nutri t ional 
requirements.
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2.5 Rules of D ie t  Se lect ion
The animal is assumed to have an appetite, or desire, to fulfi l l  Its 
growth-plan,  and also to have a faculty of d iscriminat ion . It may be deduced, 
therefore, that  the animal wil l search amongst  all the feeds on offer until it 
succeeds in acquir ing a non- l imi t ing,  or optimal, diet for growth.  Following 
domest icat ion,  any relaxation of the fundamental abi l i ty of the animal to select 
for itself an adequate diet, and hence to survive and remain fit in the 
population, is considered to be minor in relation to the v igorous selection 
pressure which had operated on the wild ancestor  for  thousands of years. The 
trait of 'nutr i t ional wisdom'  is expected to have an underlying importance to 
the individual and to be st rongly exercised in domest icated species, particularly 
in extensive systems of husbandry.
Models to predict  the normative,  or desired, behaviour of animals when 
foraging (i.e. the behaviour which the animal ought  to do to obtain the most  
advantageous opt ion according to some funct ional cri terion, Krebs and 
McCleery, 1984) wil l  incorporate considerat ions of both the nutr i t ional 
object ives of the animal (induced by the direct ion of growth towards matur i ty  
and reproduct ive capabil i ty) and the conf l ict ing demands on the animal of, for  
instance, predator evasion and the overcoming of obstacles to feed recognit ion.  
Theories of the learning behaviour of animals help predict ion of shor t - te rm  
decisions made when the animal is offered a new, unfamil iar feed, or 
longer- term decisions when the animal cont inues to seek information about  its 
envi ronment (Krebs and McCleery, 1984).
The proposed rules of diet selection form a theory which attempts to 
predict the outcome of all the possible types of experiment in which an animal, 
in its desired state at a given degree of maturi ty, is offered ad lib itu m  access
to more than one feed, as a choice. Each 'rule' Is developed f rom the interplay
between an assertion and a satisfactory experimental test  of a given feeding 
choice. The assertion states, a priori, what  choice the animal should make If its
behaviour is to be consistent  wi th the notion of evolut ionary f i tness. The
experimental data are used to test the val idity of the asserted rule.
The types of experiment  fall into three classes, corresponding to the three 
condit ions necessary for non- l imi ted growth,  namely, that  the animal is given
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the opportunity to choose:
(a) a diet in which the ratio of nutrient:energy is per fect ly balanced.
(b) a diet which is not too bulky.
(c) a diet which is not toxic.
Matters are simpli f ied if each of the three classes of experiment is regarded
as essential ly a choice between two feeds, rather than between three or more. 
It is assumed that  there is no outcome of relevance to nutri t ion when the 
feeds on offer are identical save their  posi t ion relative to the animal. Thus, the 
pairs of feeds of interest are those which dif fer in only one nutr i t ional variable, 
appropriate to its class (for instance, in the class of choices for a balanced diet 
one test could be between two feeds of di ffering protein content). These pairs 
of feeds then fail into one of three fur ther  categories: n o n - lim it in g /n o n - lim it in g  
pairs, n o n -lim it in g /lim it in g  pairs, and l im it in g / lim it in g  pa irs
The resultant schema describing all the possible choice- feeding 
experiments consists of nine categories. These are shown in Table 2.3, where 
the nutri t ional variable is given, and the impl icat ions for  the animal should it 
choose exclusively only one of the feeds is given in italics. Three of the nine 
feed pairs are limiting. The remaining six permit  a ful l descr ipt ion of how the 
animal acquires the resources to express its potential  for  growth.
2.5.1 Class I. Rules for the Choice of Feed Balance
CHOICE I (i)
Feed A Feed B
High nutrient: energy Higher nutrient: energy
n o n -lim itin g  n o n -lim it in g
The animal cannot  fail to choose a non- l im i t ing  diet, but must  take in an 
excess of nutrients.
RULE 1.
Assertion: The animal seeks to minimise its excess intake of nutr ients, and 
consequently avoids complete ly  the feed wi th the higher nutrient:energy ratio.
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Tests: Musten, Peace and Anderson (1974) gave rats cont inuous ad lib itu m  
access to two  feeds, of simi lar ME yield, one of which contained 0.40 crude 
protein (CP) by weight , the other 0.70 CP. Both feeds were demonstrated to 
exceed the protein requirement of rats, when offered singly to simi lar test rats. 
The rats consumed 0.93 of their diet as the 0.40CP feed, thereby coming close 
to minimising their excess nutrient  intake. However, it appears f rom these data 
that  complete avoidance of excess mutrient  intake does not occur. The 
searching behaviour of animals may lead them to test, periodical ly, the feeds 
which they have on offer. Such behaviour al lows the animal to remain 
informed about  the feeds which are available (Krebs and McCleery, 1984). This 
theory may explain the residual intake of the 0.70CP feed by the rats.
CHOICE I (ii)
The animal fails to select a non- l imi t ing  diet if it eats exclusively feed B. It has 
an excess nutrient  intake if it eats exclusively Feed A.
Assertion: The animal chooses a non- l imi t ing  combination of the two  feeds 
which avoids excess nutrient  intake.
Tests: The majori ty of choice- feeding experiments reported in the l i terature 
test  the animal's abi l i ty to select a non- l imi t ing  diet under these condit ions.  
Most  authors conclude posi tively that  animals can express their potential  for  
growth  given such a choice.
Osborne and Mendel (1918) and Mitchell  and Mendel (1921) fo l lowed 
Evvard's lead in the area of choice- feeding, and, working with the rat, 
concluded that,
the desire of a young animal for food is something more than 
the mere satisfact ion of calorif ic needs. The demand made by 
the growth impulse must  be met by a feed of the proper 
chemical consti tut ion (Osborne and Mendel (1918).
Richter, Holt and Barelare (1938), Leshner, Siegel and Coll ier (1972) and Musten 
e t a! (1974) cont inued the experimental research in this topic and all reported
Feed A 
High nutrient: energy 
n o n -lim it in g
Feed B 




the abil i ty of the rat to choose a non- l im i t ing  diet. Musten et at (1974) 
included a test  of the choice made by rats at low and high ambient 
temperature.  The rats demonstrated an abi l i ty to choose a balanced diet, the 
composi t ion of which differed according to temperature.  Finally, wi ld rat 
species, such as the Norway rat (Griff iths and Harmon, 1954) and Southern 
Plains wood rat (Harriman, 1974) have also been shown to be experimental 
subjects capable of discr iminat ing between feeds of dif ferent nutr i t ional value.
In poultry, Kempster (1916), Pearl and Fairchild (1921), Rugg (1925) and later 
Banta (.1932), Graham (1932) and Funk (1932) explored the possibi l i ty that  
chickens can choose non- l imi t ing  diets when given a wide range of feeds f rom 
which to select. Funk concluded that:
the requirements of the young growing chick and its abi l i ty to 
satisfy these demands can be used to balance a ration if 
necessary ingredients are available.
Wood-Gush and Kare (1966) and Vohra and Neil (1969) tested the abi l i ty of 
poult ry  to select an adequate proport ion of a given mineral in their diet, when 
offered a mineral - r ich feed and a mineral -def ic ient  feed, as a choice. Vohra 
and Neil (1969) reported that  turkey poults, after two weeks of age, discr iminate 
in favour of z inc-r ich feeds as against z inc-def ic ient  feeds. Wood-Gush  and 
Kare (1966) had made simi lar observat ions of feeds wi th calcium as the 
nutr i t ional variable. More recently, interest in choice- feeding has been 
rekindled for its potential benefi ts in intensive poult ry production. The papers 
of Emmans (1977) and Rose and Michie (1982) record the abil i ty of the laying 
hen and turkey to sustain good product ion by balancing their  diet, when given 
who le cereal as one of the feed pair and a h igh-prote in 'balancer' as the other. 
Emmans (1977) pointed out the savings that  such a choice-feeding system can 
make in the protein usage by the flock. Since each individual is permi tted to 
choose a diet suited to its own needs, excess protein intake is minimised if the 
mineral status of both feeds is adequate. The hens can also balance their diet 
in relation to any f luctuat ion in envi ronmental temperature.
Since the initial interest which was shown in the pig as a subject  for 
test ing the idea that  animals can choose a balanced diet, l itt le work  was done 
unti l  Devilat, Pond and Mil ler (1970), Jackson, Robinson and Khalaf (1970), 
Wallace, Palmer, Carpenter, and Coniks (1973) and Robinson (1974, 1975) 
conf irmed Evvard's f inding using a number of dif ferent experimental designs.
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The sheep, however, has rarely been used in cont ro l led -env i ronment  
choice- feeding studies. More research emphasis has been placed on the diet 
selection made by sheep in the field (Hodgson, 1982) presumably because such 
work is considered to be more direct ly applicable to the sheep industry, in 
which the majori ty of lambs are reared outdoors.  It is hoped that  the rules 
proposed here, and which are tested against data f rom cont ro l led-env i ronment 
experiments, wil l  assist in the interpretation of the choice of diet made by all 
animals and, in their turn, grazing sheep in the variable envi ronments of the 
field. Gordon and Tribe (1951) offered six pregnant  ewes three feeds (fishmeal, 
maize and hay, plus a mineral lick) and found that  the animals did not select a 
diet which was adequate to bear or support  the number of lambs anticipated. 
The intent ion of the experiment  had been to overcome the problem of 
depressed feed intake of ewes in late pregnancy, but as an experimental 
subject for the test ing of the rules of diet selection, the pregnant  ewe is not to 
be recommended.  It is possible that the ewes were nei ther in perfect health, 
nor in their  desired body state, at the beginning of the experiment. The 
metabol ic demands of pregnancy may f luctuate widely, or could have exceeded 
what the feeds provided. In addition, there were no contro l t reatments in the 
experiment  wi th which to compare conception and lambing rates of the 
choice- fed animals.
The weight  of the experimental evidence, therefore, supports the idea that 
animals possess the abil i ty to seek, and dist inguish between feeds, in order to 
choose a non- l im i t ing  diet. This simple idea has been tested in a number of 
ways on many species, and has been a favoured area in the topic of diet 
selection. The lesser number of contradict ions to the theory that animals can 
choose a non- l imi t ing  diet,when given the chance, wil l  be discussed in the 
closing remarks on the rules of diet selection.
CHOICE I (iii)
Feed A Feed B
Low nutrient: energy Lower nutrient: energy 
lim itin g  lim itin g
The animal fails to find an adequate diet f rom any combination of the two 
feeds. Therefore, it minimises the deficit in nutrient  intake by eating the feed
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with the higher nutrient:energy ratio (Feed A). The animal eats as much of this 
feed as it can lay down as excess fat, or dissipate as heat, up to the point of 
thermoneutrality.
RULE 3:
A ssert ion : The animal seeks to minimise its defic it of nutrient intake and
therefore shows a complete preference for the feed with the higher
nutrient:energy ratio.
Tests: Musten et a/ (1974) offered rats a choice between a p ro te in -free  
feed (PF) and one of three other limiting feeds (named 5CP, 10CP and 20CP,
which correspond to 50gCP/kg, 100gCP/kg and 200gCP/kg respectively). The
rats showed a strong but not exclusive preference for the less lim it ing feed 
and as previously described in relation to Choice I (i) (the 
non-H m iting /non -H m iting  pairs), the general searching behaviour of nutr it iona lly  
dissatisfied animals may have been taking place, in that the rats, failing to 
acquire a non-l im it ing  diet despite showing a preference for the less lim it ing 
feed, were motivated to continue to test the other feed available, that is, the PF 
feed.
Holcombe, Roland, and Harms (1976) report a variable response in hens to 
such a problem of diet selection. Some individuals chose the ir diet at random, 
whils t others, on similar treatments, preferred one of the feeds. The authors 
attempted to explain these outcomes by means of an intervening learning 
theory. It is also possible that the feeds were not alike in all nutritional 
variables except the intended difference in protein content.
2.5.2 Class II. Rules for the Choice of Feed Bulkiness
Experimental evidence with which to test ideas on the choices made by 
animals between feeds which differ only in their bulkiness is very scarce. Most 
of the work published in the literature addresses only one dietary selection 
problem (that of choosing a non-l im it ing  diet in terms of nutrient balance) and 
in so doing overlooks the dimension of feed bulkiness.
Presumably, this situation has arisen partly from the fact that those animals, 
to which the selection of a diet from bulky feeds is most- com m only  a problem,
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namely to ruminants, are seldom chosen as the best subjects for 
con tro lled -env ironm ent experiments. Smaller, s im ple-stomached animals like 
rats and chickens are more favoured for indoor experimentation, but are not 
com m only  given bulky, fibrous feeds. Therefore, the outcome of 
cho ice-feeding experiments on bulky feeds has usually been measured as the 
performance of grazing ruminants at pasture, and since determination of feed 
intake in field conditions remains a major technical problem (Forbes, 1987), data 
on the diet selection of bulky feeds is sparse. In addition, field trials cannot 
achieve the necessary contro l of other nutritional variables (e.g nutrient 
content) in order to make the choice available to the animal a test in one 
nutritional dimension.
For these reasons, predictions of the choice for feed bulkiness are d iff icult 
to  test, and the simplest expectation to take is that the animal will always seek 
to minimise its bulk intake in order to minimise the time occupied in feeding 
and digesting (and thereby decrease its supposed exposure to predators) This 
idea would conform to the view of Krebs and McCleery (1984) that animals 
seek to maximise their rate of feed intake.
There are no experiments reported in the literature which were designed to 
test this specific hypothesis in a controlled environment, but the work of Glimp
(1971) may be quoted as an example of the behaviour of sheep when offered 
two, possibly bu lk - l im it ing  feeds. The lambs were given a free-cho ice  of four 
feeds, all of which contained 0.12CP and which included varying proportions of 
alfalfa hay and corn. All feeds were probably lim iting to growth because they 
contained insuffic ient protein, but the lambs showed a preference fo r the 
higher density feeds. There are two possible reasons for this outcome. The 
feeds which contained a large proportion of hay had a higher heat increment of 
feeding and in the high ambient temperatures (up to 33°C) under which the 
experiment was conducted, could have constrained feed intake by heat stress 
(a l im itation in terms of nutrient balance). On the other hand, the hay-based 
feeds would also lim it growth through their bulkiness, and if this were the 
cause of constraint, the lambs would make greater gain by feeding on the 
cereal-based feeds. The actual cause for constraint is not clear, and may have 
changed during the course of the experiment, but the lambs can be seen to 
min im ise the deficit in their intake of the first lim iting resource to growth.
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2.5.3 Class III. Rules for the Choice of Feed Toxicity
The diff icu lty  in defining the tox ic ity  of feeds has hindered progress in this 
area of nutrition research and, consequently, there are few tests reported in the 
literature of the choice-feeding behaviour of animals given various 
tox ic /non - tox ic  options.
However, the motivation of animals to avoid toxic feeds, if given the 
chance, is apparently strong, as the work of Leung, Rogers, and Harper (1968) 
on rats, Jackson et 3 /(1970) and Robinson (1975) on pigs, has amply shown. 
These workers gave animals a choice between a p ro te in -free  feed and another 
feed to ta lly  defic ient in one amino acid. Since none of the heavy concentration 
of amino acids in the deficient feed can be used by the animal, (when the feed 
lacks complete ly a certain essential amino acid fo r tissue synthesis) the 
deficient feed acts effectively as a mild poison. On eating the defic ient feed, 
the animal must deaminate all the amino acids it consumes. Therefore, Leung 
and others were actually giving the ir test animals the choice between a 
limiting, non-tox ic  feed (the prote in-free) and a limiting, toxic feed (the 
deficient). They report unanimously that the animals avoid the toxic feed 
completely.
The schema, thus complete, indicates where it is considered that suffic ient 
work has been carried out to test the appropriate rule, and where it is 
considered that data are wanting. Furthermore, the approach offers a way to 
understand the outcomes of more complex choice-feeding situations, fo r 
instance, when the animal is obliged to select a diet from tw o  feeds which 
differ in more than one nutritional dimension. These circumstances tend to 
obscure the reasons for the animal's choice of diet, a choice which, according 
to its complexity, may be changeable or defective.
2.5.4 Apparent Contradictions to the Theory
Opponents to the theory of 'nutritional w isdom ' in animals hold that animals 
cannot chose what they need, nor avoid what they do not. Moreover, there is 
an adequate literature to support this negation. Jordan (1906), Kon (1931), Scott 
(1946), Scott and Quint (1946), Coppock, Everitt and Merrill (1972), Cowan and 
Michie (1977) and Pamp, Goodrich and Meiske (1977) concluded that the
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animals used in the ir  experiments were not able to select a diet which 
supported their potential fo r growth.
These papers are to be valued because few scientists interested in 
cho ice-feeding set out w ith the intention of disproving the theory that animals 
can select a n on - l im it ing  diet. The outcomes of apparently contrad ictory 
experiments can therefore be used to define more clearly the nature of 
cho ice-feeding behaviour and the conditions which constitu te a free choice of 
feeds.
When studied critically, the experiments which show the failure of animals 
to select non - l im it ing  diets can be seen to belong to one of tw o  types: those 
which did not give the animals the necessary choice to choose from, and those 
which did not give the animals the necessary chance to choose.
The instances of the failure in animals to select a non- l im it ing  diet reported 
by Kon (1931), Scott (1946) and Cowan and Michie (1977) may be considered to 
belong to the firs t category described above, namely those experiments in 
which the animals may not have been given a choice to choose from. In each 
of these experiments the animals were given a selection of feeds, the quality of 
which was not tested independently by feeding them singly in control 
treatments. Consequently, the idea that the animals were not given a choice 
from which they could choose a non-l im it ing  diet remains an untested 
possibility.
The unfortunate omission of control treatments in many published 
experiments prompts thought as to what may be more properly considered as 
a complete choice feeding experimental design. Taking the example of Musten, 
et a/ (1974), who tested the rat's ability to choose a non- l im it ing  diet, when 
given a pro te in -free  feed (A) and one of five pro te in-supplemented feeds (B, C, 
D, E and F), the full experimental programme would have included each of the 
six feeds fed singly, plus the fifteen combinations of feed pairs. For 
completeness, each set of treatments would be conducted at a number of 
d ifferent environmental temperatures.
Musten et al (1974) employed only a sub-set of these tw en ty -o ne  
treatments, presumably in the interests of economy, but picked the treatments 
which allowed them to detect shortcomings in the feeds, particularly from the 
data of the sing le-feed treatments, before they interpreted the outcomes of the
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choice-fed  treatments. By means of this design, these workers showed, fo r
example, that rats offered choices of feeds with gluten as the source of protein
in the feeds, rather than casein, could not select a non- l im it ing  diet, because 
both the pro te in -free  feed and the g lu ten-based feeds were limiting. They 
concluded this from the evidence that none of the g lu ten-based feeds, even at 
extremely high levels of inclusion (0.5 -  0.7 gluten) could support the potential 
fo r  growth when fed singly.
In the papers which report the failure of animals to select a non- l im it ing
diet, this thoroughness of method is not evident. It is therefore d iff icu lt to
dismiss the idea that the feeds offered In these cases were not, in a true 
sense, a free choice.
The argument that animals are often not given a chance to choose a 
non- l im it ing  diet centres on the problem of defining a 'choice'. Scientists 
interested in the animal's sense-perception of the feed, through Its taste, 
odour, texture or position, often measure a 'choice' on a shor t- t im e  scale of 
minutes or hours, which may not bear a direct relationship to the longer-te rm  
nutritional consequences of taking that feed. In such cases, the animal may 
not have been given an adequate opportun ity  to choose a non- l im it ing  diet, 
say, from an unreasonably large number of unidentifiable feeds e.g. Individual, 
inorganic mineral compounds in the case of Coppock et at (1972) and Pamp et 
at (1977)] or before the feeds are removed (Pamp et at, 1977) and the 
observations ended (Kenney and Black, 1984). Anecdotal evidence of hungry 
livestock escaping and overeating when unsupervised or released on to fresh 
pasture, often used as proof that 'animals don't know what's good for them', 
are considered to be more a reflection of the unnatural restraint from which 
the stock have been incautiously released than the animal's inability to choose. 
In instances such as these, the animals have little opportun ity  to learn from 
mistakes which usually prove fatal.
That an animal takes longer than a few days to choose a non - l im it ing  diet, 
particularly when given novel feeds, is not considered to be suffic ient grounds 
fo r dismissing the notion of 'nutrit ional wisdom', in which a delay in response 
to the nutritional effects of a certain choice may be expected from knowledge 
of the t im e-course  of digestive and assimilative processes in animals. The 
idea of free-cho ice  feeding, as used in this chapter, relies on the animal being 
given continual and undisturbed access to fresh feeds from which it can select
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its diet. Studies of the length of time that an animal takes to learn what diet 
to choose remain with in the boundaries which test theories of learning 
behaviour in animals.
Krebs and McCleery (1984) have criticised experiments in which the animal 
is tested in 'unnatural' conditions, particularly when the animal is 'tricked' 
during the making of its choice. During the search for food, animals are 
believed to use cues such as taste or position of the feed, firstly, as a means 
of perceiving that the stuff is potentially a feed, and secondly, to help guide 
them in future searches to whatever stuff had been previously experienced as 
nutritious. As an example, an animal may use the position of a feed as a cue 
for returning to that which provides a certain required resource. If the 
experimenter changes the position of the feed more frequently than the t ime 
interval which it takes the animal to learn the consequences of mistakenly 
choosing the wrong feed (by fo l low ing the position cue) the animal is 'tricked' 
or confused, and will fail to choose a diet which matches its requirements. 
Wood-Gush and Kare (1966) and Vohra and Heil (1969) contro lled fo r position 
effects by relocating the feeds on offer apparently too often fo r the animals to 
realise the nutritional consequences of fo l low ing a positional cue. Studies of 
the use of cues and other learning behaviour have their r ightful place in animal 
science but it is important to see them in proper relation to longe r-te rm  
theories based on considerations of the growth aims and nutritional 
requirements of the animal.
Furthermore, speculation about the use of odour or taste as a cue for 
finding feeds is appropriate at the level of feeding behaviour, but if the theory 
is extended to the prediction of all feeding choices made by animals, it is 
found to fail upon rigorous testing, such as when the animal is faced w ith  
serious nutritional decisions. For example, Blair and FitzSimons (1970) sought 
to lim it feed intake in a group of pigs offered ad lib itum  access to single feeds 
impregnated with differing levels of 'Bitrex...the bitterest substance known to 
man'. Their theory was that animals do not like bitter feeds, and will therefore 
decrease the ir feed intake when given such feeds. It is possible that, init ially, 
the pigs avoided such repugnant stuff as the B itrex-impregnated feed because 
they had previously learned to associate b itter odours or tastes w ith  the 
harmfulness of a toxin. Later, however, on discovering that there was no other 
feed available, and that eating the bitter feed did not bring about a toxic effect, 
the ir hunger would overpower the misleading sensory cue, and they would eat
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the feed. Blair and FitzSimons (1970) reported that there were no s ignificant 
differences in -feed intake between the untreated and treated feed groups and 
came to the conclusion that the pigs could not detect Bitrex.
In the case of Blair and FitzSimons, the taste or odour of the feed, (factors 
which contribute  to the quality known as feed palatability or acceptability) 
became unim portant to the animal when the consequences of avoiding a feed, 
on the basis on an untested sensory assumption, were great. It fo l lows that an 
animal given a choice of feeds will, in the long-te rm , desist from eating the 
tasty feed (or what the scientist imagines is the tasty feed), if that feed does 
not provide the firs t l im iting resource which the animal requires to satisfy the 
specifications of the g row th-p lan . Palatability studies are therefore only of use 
in testing theories of animal perception and have litt le to contribute  to the 
understanding of diet selection made by the animal on the basis of what has 
been presented as a nutritional theory of the animal's behaviour. At this point, 
therefore, it is im portant to make the distinction between the nature of 
palatability and that of tox ic ity  in feeds. Palatability, if it is measurable, has 
been demonstrated to have, at most, a fleeting influence on feeding behaviour 
which is subservient to the nutritional concerns of the animal. Toxicity, though 
d ifficult to quantify, is to be regarded as a distinct, if com m only  correlated, 
characteristic of feeds which has a direct bearing on the feed intake of the 
animal.
2.5.5 A Preliminary Evaluation of Choice-feeding
Thus, it has been proposed that there are two principal causes for the 
reported outcomes that animals did not choose non - l im it ing  diets. Moreover, 
the review of the literature in cho ice-feeding has indicated that the w e igh t of 
evidence lies in favour of the idea that animals select the ir diets, in a wide 
range of circumstances, according to what have been styled 'rules' fo r 
optim ising their feeding strategy. Several of the tested combinations of feeds 
have shown features which suggest that the technique of cho ice-feeding is a 
useful alternative to the more established methods of providing animals with 
the best possible conditions for growth. In relation to ruminants, it is 
remarkable that so few experiments have been conducted under contro lled 
environmental conditions on either sheep or cattle. Consequently, the 
remainder of this chapter reports the findings of three experiments designed to
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test some of the asserted 'Rules of Diet Selection' in order to assess the 
usefulness of the approach to defining non - l im it ing  conditions for the growth 
of sheep.
2.6 Exper im ent  1: A T es t  of the  Rules for the Choice of Feed  
Balance by Growing Lambs
2.6.1 Objectives
The experiment was undertaken to test ideas on diet selection and then to 
assess their valid ity as descriptors of both the behaviour, and the conditions 
which are non - l im it ing  for the growth, of sheep. Each lamb was to be given 
free and continual access to tw o  feeds which differed, as far as is practically 
possible, in only one nutritional variable. The variable chosen for this 
prelim inary investigation was that of protein: energy ratio since this was 
though t to be a factor of major importance to the animal and was simple to 
implement.
2.6.2 Propositions
Consequently, the set of propositions to be tested by experiment which 
corresponded to the Rules of Diet Selection outlined in section 2.5 of the 
review, were:
PI: lambs will choose between the feeds on offer in a directed
(non-random ) manner.
P2: lambs will not select the ir diet on the basis of the position of the feeds.
P3: lambs will minimise an excess of protein intake.
P4: lambs will select a diet of a certain composition, according to the 
protein content of the feeds on offer, at a given degree of maturity.
P5: the protein content of the diet selected will decrease as the lambs 
mature.
2.6.2.1 Corollaries
Should propositions P1-P5 survive, the theory predicts that the lambs will 
select a nutrient: energy balance in their diet such that energy is the first
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l im iting resource for growth. Under these circumstances, all the lambs will:
C1: have a similar daily rate of total feed intake which is dependent on, and 
predictable from, the ir energy requirement for maintenance, growth and
fattening.
C2: g row  at a rate set by their inheritance i.e. they will achieve their
potential rate of growth.
2.6.3 Materials and Methods
Animals Twelve Suffolk X Greyface (SGF) wethers, reared as tw ins on their 
mothers, were selected from an experimental farm flock on the basis of growth 
rate from birth. At a mean age of 62 (s.d. 5) days the lambs weighed 24.6 (s.d. 
0.5)kg liveweight (LW), were group penned and were weaned on the hay and 
one of the experimental pelleted feeds which contained (160g CP/kg D.M.). The 
experiment began eight days later when the lambs weighed 24.9 (s.d. 1.8)kg LW
Feeds Four pelleted feeds were required, with a range of crude protein (CP) 
contents, but similar yields of metabolisable energy, and similar
m inera l/v i tamin profiles. Initially, two basal feeds were made, one with a low
CP content, the other high. Pelleted feeds were favoured because they avoid 
the problem of selective feeding by sheep given heterogeneous feeds (Moore 
and Polling, 1961).
The low protein feed (A) was formulated to be inadequate in protein to 
support potential growth when offered singly ad lib itum  (ARC, 1984). Barley and 
sugar beet pulp were chosen as the two major components of the feed. The 
second basal feed (D) was made with a higher CP content intended to be 
above the requirement of the lambs by substituting soya bean meal for 0.368 
of the barley in feed (A).
Since the experiment aimed to test ideas concerning a lamb's selection for 
protein, it was necessary to equalise the mineral and vitamin contents, as far 
as possible in feeds A and D, so that these nutrients were present in 
abundance and in similar relative amounts. Feeds A and D were made 
accordingly. (See Table 2.4). Four feeds, with a range of CP contents, could
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then be made from mixtures of the basal feeds A and D. Feed 8 was made
from 0.37A and 0.63D. Feed C was a mixture of 0.22A and 0.78D. Feeds B, C and
D were pelleted individually, and analysed for dry matter and nitrogen, ash
fibre, and ether extract in the dry matter. The chemical analysis of the feeds is
shown in Table 2.5.
A dilution series of feeds such as this has a number of advantages over the 
mixing of individual feeds. Feed formulation is simplified to that of the two 
basal feeds, and, when the feeds differ in only one nutritional variable (in this 
case CP) any range of feeds, between the two extremes, can be mixed simply 
by proportion. Errors in formulation, or mixing (for instance complete omission 
of a necessary nutrient) are more easily detected, since they will show the ir 
effect across the entire experiment, and the confusion of "odd" treatments, 
caused by a mistake in the making of one feed, will be lessened.
Design A complete tw o -w a y  choice-feeding experiment, using four feeds, 
comprises of ten treatments, that is, the four feeds fed singly, as contro ls 
(treatments A, 8, C and D) and the four feeds fed as tw o -w a y  choices 
(Treatments AB, AC, AD, BC, BD, and CD). Ideally, the opportun ity  to assess 
body composit ion changes by serial s laughter or energy balance would also be 
taken.
Unfortunately the experimental resources available were lim ited to twelve 
lambs, and, hence, it was only possible to include those treatments considered 
essential for testing the key propositions of the Rules of Diet Selection. The 
three treatments chosen were those in which feed A was paired with every
other feed, namely A with B, A with C and A with D. A Latin Square c ross -ove r
design was employed to permit a test of residual effects between periods. The 
experiment was therefore divided into three periods (Period I, 4 weeks; Period 
II, 4 weeks; Period III, 2 weeks.)8 Each lamb received each feed pair but only in 
one of the six sequences. There were two replicates of the six sequences (See 
Table 2.6). The tw o  replicates were selected on the basis of liveweight. Six
lambs weighed close to 25kg LW at 25.5 (s.d. 0.2)kg and were allocated at
random to replicate 1. The remaining six lambs weighed from 20.7 to 27.1kg 
LW, and were put in replicate 2 [mean LW 24.3 (s.d.2.4)kg ].
g
This was because the food ran out.
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Table 2.4 The Composition of the Basal Feeds (g/kg freshweight) in Experiment 1
Ingredient Feed A Feed D
Sugar Beet Pulp 470 470
Ground Barley 470 102
Soya bean meal 0 368
Dicalcium phosphate 5.4 0
Ground limestone 3.1 4.1
Salt 1.3 0.9
BP 160 trace element and vitamin mix 2.3 2.3
Molasses 47.9 52.7
1000.0 1000.0







Crude protein (CP) 87 160 175 193
Crude fibre 88 102 113 106
Ether extract 12 12 11 13
Ash 61 68 71 72
Dry matter 876 883 881 880
Metabolisable energy3 
(MJ/kg)
10.8 10.5 10.3 10.4
Digestible CPb 70 128 140 154
a, b values calculated from feed tables
?
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Table 2.6 The Design of Experiment 1
Each lamb was offered continuous ad libitum access to both feed A and to either B, C or D, in 
one of six sequences:
Lamb Identity Sequence Period
Replicate 1 Replicate 2 I II III
2 8 1 B C D
6 11 2 C D B Square
1 9 3 D B C I
5 7 4 B D C
4 10 5 C B D Square
3 12 6 D C B II
Table 2.7 The Effect of Treatment on the Proportion of the Total Feed Intake (TFI) taken 
from the trough which contained feed A (p.feed A, g/kg TFI)
p.feed A (s.e.) Period Feed Pair mean
I II III
Feed Pair
A with B 256 ( 139) 306 ( 158) 255 {60) 272 (67)
A with C 277 ( 107) 294 {99) 507 {115) 359 (64)
A with D 145 {31) 178 {62) 595 ( 143) 306 {78)
Period mean 225 (57) 259 {62) 452 (73) 312 (40)
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It was possible to test the proposition that lambs will not select the ir diet 
on the basis of the position of the feeds by switch ing the position of feed A, 
on two occasions, that is, at the end of the f irs t period and at the end of the 
second. The position of feed A at the beginning of the experiment was 
randomised across animals.
Management Each lamb was individually housed in a wire cage set above 
the floor. Each cage had two identical metal troughs at the front, and a water 
bucket at the rear. The experimental house had natural ventilation and 
continuous lighting from fluorescent lamps. The liveweight of the lambs was 
recorded weekly at 1100h on a Gascoigne, Gush and Dent mechanical weigh 
crate (100kg X 0.5kg). The feed Intake of both feeds was recorded fo r each 
lamb daily at 1000h on a Suprema R5 weighing platform (15kg X 5g). Spillage 
losses for each individual were swept up from the floor, weighed and the value 
deducted from the calculated daily intake. Refusals were analysed for dry 
matter whenever there was evidence of dampening by saliva from the lambs. 
Fresh feed was placed in the troughs after weighing of the refusals so as to 
offer the lamb equal quantities of both feeds throughout the day. The feeds 
were complete ly replaced each week to prevent the possibil ity of undetected 
spoilage.
2.6.4 Results
The results are presented in the form of a series of statistical tests, chosen 
at each point to be the stiffest challenge to the propositions which the design 
will permit. The actual weekly liveweights and weekly feed Intakes fo r all 
twelve sheep can be found in Appendix B. A preliminary analysis of the main 
factors in the Latin Square design of the experiment, according to the method 
of Cochran and Cox (1950), showed that there were no significant residual 
effects of treatments between periods. It was therefore permissible to proceed 
w ith the analysis of the main effects in the experimental outcomes.
A simple description of the composition of the diet selected, common to 
the three treatments, is the proportion of the total feed Intake (TFI) which was 
taken from the trough containing feed A, from now on referred to as p.feed 
A. The period and treatment means of p.feed A are given in Table 2.7.
PI : The expectation that lambs would select a diet in a directed manner
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was tested by comparing the null hypothesis (I.e. p.feed A = 500g/kg TFI) 
against the p.feed A data reported in Table 2.7. In period I (225, s.e. 57) and 
period II (259, s.e. 62) and over the whole experiment (312, s.e. 40), p.feed A 
differed signif icantly (p <  0.05) from p.feed A = 500.
P2: The data used for testing proposition (P2), that the lambs would not 
select the ir diet on the basis of the position of the feeds, were the p.feed A 
values recorded fo r the day preceedlng the switching of the troughs at the end 
of periods I and II, and the p.feed A values for the day fo l low ing the 
changeover.
Comparison of the mean value for p.feed A (after) and p.feed A (before), as 
a test of proposition (P2), would be ambiguous since each Individual lamb 
could fall to eat a similar p.feed A (after) w ithou t affecting the mean p.feed A 
for the group. Consequently, the best test o f the proposition was a visual 
appraisal of the data presented graphically in Fig. 2.1 where it can be seen that 
on only four occasions, from 24 (2 X 12) recorded, individuals appeared to 
select their diet on the basis of its position.
P3: Since the Idea that a lamb minimises its excess of protein intake can 
only be tested when It is known, Independently, exactly what the requirement 
for protein is, the design of the experiment did not permit a formal analysis of 
proposition (P3). HoWever, whils t It has already been shown that p.feed A was 
not 500g/kg TFI, the data In Table 2.7 also indicate that p.feed A was 
significantly different from 1000 (p <  0.001) and from zero (p <  0.001).
P4: The method of formulation of the three feeds of higher CP content 
(feeds B, C and D) permitted a test of hypothesis P4, that the lambs would 
select a diet of a certain composition. If all the lambs were to select a diet of a 
similar composition, the lambs offered feed B with feed A would have to select 
a lower p.feed A than those offered feed C with feed A. By the same 
arithmetic argument, lambs offered feed D with feed A would have to select 
the highest p.feed A.
Proposition P4 was tested by an analysis of the variance of the treatment 
values reported in Table 2.7. The effect of the treatment of p.feed A was not 
significant ( p >  0.1). All the means were subject to wide variation and the 
values of p.feed A fo r the lambs of treatment 3 tended to be lower than the 
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c ru d e  p ro te in  c o n te n t  s t i l l  had to  be re je c te d
P5: The mean period values for the composition of the diet selected provide 
the data fo r testing proposition (P5), that the CP content of the diet selected 
would decrease as the lambs matured.
In relation to the feeds offered, the testable expectation was that feed A 
Increased sign if icantly  w ith period. A comparison of the values for periods I 
and II showed that the hypothesis was not tenable at the 25% significance 
level over this t im e-span. However, when the values for periods I and II were 
pooled (242, s.e. 41) and compared by t - te s t  with the values fo r period III (452, 
s.e. 73), p.feed A was found to increase significantly (p <  0.05) w ith time, 
which outcom e agreed with the expectation of proposition (P5). The decline in 
the CP content of the diet selected is il lustrated in Fig. 2.2.
The analysis of the diet selection data has given no grounds on which to 
reject proposit ions (PI and P5) but has left obscure the more exacting 
proposition (P4). The opportun ity  is now taken to exhibit several individual 
paths of diet selection as typical illustrations of several features of interest in 
diet selection.
The uniqueness of each lamb's path of diet selection, in a tw o -w a y  choice 
feeding situation, is best traced by firs t calculating the differences in the 
cumulative intake of feed A and the cumulative intake of the other feed, B, C or 
D, giving Cum.diff.BA, Cum.diff.CA and Cum.diff.DA. These values are plotted 
against the cumulative total feed intake Cum.tot.BA, Cum.tot.CA and Cum.tot.DA 
respectively. The graph of these values, which are orthogonal (see Fig. 2.3), 
permits the fol low ing, more pertinent aspects of the diet selection, to be 
surveyed at a glance:
(i) the trend in diet selection Cum.diff.XA is seen to be related directly to 
the total feed intake (Cum.tot.XA).
(ii) an animal which makes a dietary choice exclusively in favour of one of 
the feeds traces a path [Cum.diff.XA = Cum.tot.XA or Cum.diff.XA = 
(Cum.tot.XA)].
(¡ii) the angle of the plotted path reflects the relative proportions of the two 
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(iv) freak, short- te rm  changes in diet composition, disruptive to other 
p lotting techniques (eg p.feed A against time) are smoothed out and the
progress of an individual can be traced as it moves through all the possible
combinations of the feeds on its way to the mature diet composit ion (Fig. 2.3).
The individual graphs of lamb numbers 1, 3, 6 and 7 are given in Figs. 2.4 and
2.5 and will be referred to in the discussion.
C l: That the daily rate of total intake would not differ between treatments 
was tested by analysis of a variance: the absence of significant (p >  0.1)
treatment effects was not d ifferent from this expectation.
The plot of rate of TFI against time (Fig. 2.6), showing the significant (p < 
0.01) period effect found in the analysis of variance, was then compared with 
tw o  predicted curves. The models chosen for predicting rate of TFI (dF/dt) were
(i) the ARC (1984) prediction (Chapter 2, p. 60)
dF/dt (g/kg LW0'75) = (150.3 -  78q -  0.408 LW)/DMC
where DMC = dry matter content of feed (measured as 0.88)
q = metabolisability of the feed (calculated as 0.69)
LW = liveweight (measured in the experiment)
(ii) the prediction equation of Emmans (1987,1988) where dF/dt is a function 
of the energy requirement for maintenance, growth and fattening.
The data deviated systematically from both models which, however, 
predicted the observed increase in rate of feed intake over the experiment.
C2: In Chapter I a description of the potential rate of l iveweight gain in SGF 
wethers had been offered in the form of a Gompertz function. To make an 
estimate of the Gompertz rate parameter, B, for each animal in this experiment, 
the initial and final l iveweights were transformed to G0 and Gf respectively 
using an estimate of mature liveweight of 100kg, so that
B = (Gf -  G0)/t






















T im e  (w e e k s )
—i 
10
Fig. 2 .6  The R a te  o f  To ta l  Feed In ta k e  (TFI)
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There were no significant (p >  0.1) treatment differences and the average B 
value for the twelve lambs of 0.0079 (s.e. 0.0003) was not s ignificantly d ifferent 
(p >  0.1) from the expected value (0.0078) for SGF wethers grow ing at the ir 
potential rate (Chap. I).
2.6.5 D iscuss ion
Reflection on the outcome of the test of proposition (P4), that lambs will 
select a diet of a certain composition, has brought crit ic ism of the experimental 
design and the expectations that were held concerning diet selection in sheep.
The lambs, chose a diet with a CP content on average of 147 (s.e. 3.3) 
gCP/kg, which composition was shown to significantly decrease (P4) as the 
lambs matured (Fig. 2.2). This value was close to that recommended as the 
requirement (153g CP/kg) for lambs of medium mature size (115kg), eating and 
growing at similar rates (NRC, 1985). However, by way of the relative closeness 
of the CP content of the selected diet to that of the three, similar high CP 
content feeds (feed B, 160g CP/kg, feed C, 175g CP/kg and feed D, 193g CP/kg), 
it can be seen by arithmetic argument that small differences between 
individuals in their required CP intake would result in a large variation between 
treatments in p.feed A. Thus, it may be deduced that the planned differences in 
the CP content of feeds B, C and D were insufficiently wide to permit the effect 
of treatment to be an unequivocal test of proposition (P4).
The conditions under which this variation arose and which spoiled the 
simplic ity of the expectations in proposition (P4), are characterised by the
individual paths of diet selection given in Figs. 2.4 and 2.5.
In the first instance, Lamb 6 (Fig. 2.4) illustrated the fact that animals can 
make a defective (i.e limiting) dietary choice when they have had no previous 
experience of the feeds on offer. Lamb 6 changed the path of its dietary 
preference for feed A after two weeks and resumed a path similar to that 
favoured, on the average, by its counterparts. Such a pattern of choice induced
variation between individuals, particularly in the early part of the experiment.
Lamb 3 (Fig. 2.4) typified the animal which has an apparently high
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requirement .for a feed resource other than energy, and in this case, presumed 
to be protein. Lamb 3 continued to favour the high CP content feeds well after 
the point where its counterparts began to select a greater p.feed A in the diet.
Had the experiment lastAlonger, Lamb 3 would be expected to choose a greater 
p.feed A in its diet, as its requirement for protein relative to energy fell and it 
sought to maintain an ideal nutrient: energy balance. A downward trend in the 
plot in Fig. 2.4 would then be observed. This gradual change in diet selection 
was found in the paths of Lambs 1 and 7 (Fig. 2.5). Lamb 1 began to favour 
feed A after only 35kg TFI, whilst Lamb 7 shifted its choice after 85kg TFI.
It is proposed that the path of diet selection of every lambs lies on a '
universal curve of a form common to that of Lambs 1 and 7 but which differs 
in magnitude for individuals according to their unique requirements fo r energy 
relative to protein (see Fig. 2.3). Consequently a high degree of variation may 
have to be tolerated in both the dimensions of diet composition Cum.diff.XA 
and total feed intake (Cum.tot.XA) in experiments of this kind, as the individual 
seeks to express its unique potential. The position could be helped by using 
more exacting criteria for selecting test animals. More similar init ial 
l iveweights and more uniform genetic background for the lambs would be 
favourable. Another suggested improvement to design, which would a llow  a 
more critical test of proposition (P4), would be to formulate the high CP 
content feeds with a greater difference in their value to the animals. It is 
recommended that feeds B, C and D span a wider range in CP content than 
was employed in this experiment.
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The data collected in this experiment have supported several of the 
assertions arising from the Rules of Diet Selection (2.5). It is therefore 
concluded that the lambs selected a diet:
(a) in a directed manner.
(b) independently of feed position.
(c) which avoided excess protein intake.
(d) which changed as they grew.
(e) which was not first l im iting in a nutrient. Since the feeds on offer were
both highly digestible and believed to be non-toxic, it was evident that the
lambs had achieved the non-l im it ing  conditions for growth, as defined in
section 2.3.
(f) which supported their potential for growth.
2.6.6 C onc lus ions
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2.7 Exper im ent  2: A Second Test  of the Rules for the Choice of  
Feed Balance
2.7.1 Objectives
This experiment was conducted to test more severely the theory that 
growing sheep can select a diet adequate to support their potential growth, a 
theory which carried an implic it definition of the non-l im it ing  conditions 
required by the sheep to fulfill its inherited growth-p lan .
The elected approach to the problem included similar sheep and had the 
same outline as Experiment 1 (Exp. 1). The further advantage to this strategy 
was that the outcomes of Exp.1 could be used as a basis for f irm er 
expectations in this experiment.
The lambs were offered a free choice between two feeds, one insuff ic ient in
crude protein (CP) to support the supposed potential for growth, the other
super-adequate. In this experiment, however, the range of CP contents of the
super-adequate feeds was broadened. This modification in design came in 
response to the weaknesses in method encountered in Exp.1.
Furthermore, it was considered that the experience gained from Exp.1 
removed the necessity to test the effect of changing the feed position and the 
effect of the sequence of the feed pairs, since the data obtained in conjunction 
with the Latin square design of Exp.1 had shown these aspects of the theory to 
be of m inor importance. It was felt that more resources could be placed into 
establishing the response of lambs when given free access to single feeds and 
also to testing, in its own right, the proposition that lambs will minimise the ir 
excess protein intake.
Therefore, the fundamental proposition of the theory, which had survived 
the challenge of Exp.1, were asserted once again.
2.7.2 Propositions
P I : lambs will select a diet in a directed manner.
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P2: lambs will minimise their excess of nutrient intake.
P3: lambs will select a diet w ith a similar composition. The gross average 
CP content of the diet selected, during the first ten weeks from 25kg LW, will 
be 147g/kg TFI and will fall th roughout the ten weeks.
2.7.2.1 Coro llaries
Should all the lambs select a common diet, their growth will not be first 
limited by a nutrient, in which case, the fo l low ing corollaries apply:
C l: all the choice-fed  lambs will have a similar TFI. From a l iveweight of
25kg, the rate of TFI will have an average value of 1248g/day with in the first
four weeks. The rate of TFI will increase after the firs t four weeks. The overall 
TFI for ten weeks from 25kg LW will be 102.1kg.
C2: lambs offered a single feed, super-adequate in CP, will have similar TFI 
characteristics to choice-fed lambs.
C3: lambs offered a single feed, deficient in CP, will initially raise their rate 
of TFI above that of choice-fed lambs in order to attain their desired intake of 
protein.
C4: all choice-fed lambs will have a similar Gompertz l iveweight gain rate 
parameter, B, expected to be (from Exp. 1) 0.0078.
C5: lambs offered a single feed, super-adequate in CP, will have a similar B 
value to choice-fed lambs.
C6: lambs offered a single feed, deficient in CP, will remain lim ited in
protein intake and hence will fail to achieve the growth rates of cho ice-fed
animals.
2.7.3 Materials and Methods
Animals Tw en ty - fou r Suffolk X Greyface wethers (n = 12) and females (n = 
12) at an approximate age of seven weeks and 19.6 (s.d 2.1 )kg liveweight, were 
purchased from a commercial farm where they had been artificially reared from 
birth on milk substitute and then weaned onto a barley-based feed with hay.
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Feeds Four pelleted feeds were used and were made with a range of CP 
contents by the dilution method described in Exp.1. The two basal feeds were 
mixed first. The low protein feed A' was of the same formulation as feed A in 
Exp.1 with some small alterations to the mineral supplement. White fishmeal 
was chosen as the protein source in the high protein basal feed D' because it 
had a suitably high CP content to permit a wide range of CP contents in the 
choices offered. Thus, feed D' contained 0.57 fishmeal which replaced 0.47 
barley and 0.10 sugar beet pulp in feed A'. The composit ion of feeds A' and D' 
are given in Table 2.8. The range of four CP feeds was made from mixtures of 
feeds A' and D'. Feed 8' was a mixture of 2/3 A' and 1/3 D'. Feed C' was made 
from 1/3 A' and 2/3 D'. A proximate analysis of the feeds was carried out and 
the results are given in Table 2.9.
Design The tw e n ty - fo u r  lambs were allocated to six treatments. In order to 
balance for weight and sex, the pool of lambs was divided into tw o  w e igh t 
categories within each sex. Each treatment then received two 'small' and tw o  
'large' lambs, one from each sex. The main experimental treatments lasted fo r 
ten weeks, unless otherwise stated, and the design of the experiment is given 
in Table 2.10.
Management The housing and penning facilities were identical to those 
described in Exp.1. Liveweight and feed intake was recorded weekly fo r ten 
weeks. Treatment 6 was discontinued after four weeks (see Results). The 
experimental resources available permitted treatment 1 to be continued fo r a 
total of tw en ty -one  weeks. Liveweight was recorded weekly on a Bizerba MCI 
400 Electronic weighing platform (150kg X 5g divisions). The weighing 
procedure began at 11.30 am and followed the same animal sequence each 
week. The lambs were given fresh feed daily. The feed routine began at 9.00h 
daily and also fo llowed the same animal sequence. Feed refusals were 
weighed weekly on a Suprema R5 weighing platform (15kg X 5g) and discarded. 
Refusals were analysed for dry matter content, and the apparent feed intake 
adjusted, if there was evidence of dampening by saliva from the lambs. 
Spoiled feed was recorded and discarded during the week when the occasion 
arose. Spillage losses for individuals were also recorded.
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Table 2.8 The Composition of the Basal Feeds (g/kg freshweight) in Experiment 2
Ingredient Feed A' Feed D'
Sugar beet pulp 470 380
Ground barley 470 0
White fishmeal 0 570
Dicalcium phosphate 5.7 0
Ground limestone 3.3 0
Salt 1.5 1.5
Nutrikem sheep trace element/vitamin mix 2.5 2.5
Molasses 47 46
Total 1000 1000
Table 2.9 The Chemical Analysis of the Feeds (g/kg freshweight) in Experiment 2
Constituent A' B' C' D'
<fA' +5°’> <5A'*f°')
Crude protein (CP) 91 182 266 383
Crude fibre 82 79 68 60
Ether extract 12 23 37 51
Ash 73 96 122 142
Dry matter 884 878 893 899
Metabolisable energy3 11.1 11-3 11-7 12.2
(MJ/kg)
In vitro organic matter 0.89 0.90 0.90 0.90
digestibility
3 value calcula ted from  feed tables
Table 2.10 The Design of Experiment 2
Each lamb was offered continuous ad libitum access to one or two feeds:
Treatment Feed 1 Feed 2 n Duration (weeks)
1 A B 4 10 [+11]a
2 A C 4 10
3 A D 4 10
4 B D 4 4 b
5 B - 4 10
6 A - 4 10
a Treatment 1 continued for extra 11 weeks,
b Treatment 4 ended after 4 weeks (see Results)
Table 2.11 The Effect of Treatment on the Proportion of the Total Feed Intake (TFI) taken 
from the trough which contained feed D’ (p.feed D\ g/kg TFI)
Treatment Feed 1 Feed 2 p.feed D' (s.e.) transformed p.feed D' (s.e.)
4 B D 40a (19) o cn c
r
(28)
3 A D 136 (21) 328 (60)
Difference
oCDCD (23) 223d (93)
a test for proportion = 0; no significant difference (p>0.1)
b test for proportion = 0; significant difference (p<0.05)
c significant difference (p<0.01)
d non-significant difference (p>0.1)
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2.7.4 Results
The experiment has been divided into tw o  periods (Period 1, week 1-4; 
Period 2, weeks 4-10) in order to assist in the analysis of those effects 
expected to be dependent on the degree of m aturity  of the animals. The mean 
values from the six treatments are presented for both periods and the total 
experiment. The actual weekly feed intakes and liveweights of individual lambs 
can be found in Appendix C. Lamb 45, on treatment 5, died in week 9. Its data 
have been excluded from the analysis. Lamb 4 on treatment 1 died in week 15. 
Its data are included in all analyses until week 10.
As in Exp.1, the data of diet selection are described by the proportions of 
the total feed intake (TFI) which was taken from the trough containing feed A', 
w ritten from now on as p.feed A'. Where indicated the data were subjected to 
an arcsin transformation in order to normalise the distributions of the values 
around the means. In all other cases no differences between angular and 
proportionate values in the results of the tests were encountered and 
consequently the data are presented in p.feed A' form which relates most 
directly to the actual happenings in the experiment.
P I : The simplest test of the proposition that the diet was selected in a 
directed manner is to test the overall grand mean of p.feed A' [635 (s.e. 
70)g/kg TFI] against the expectation that p.feed A' = 500g/kg TFI, that is a 
choice made at random. However, a closer look at the data for treatments 1-3, 
presented in Fig. 2.7 indicated the folly of such a test; p.feed A' for treatm ent 1 
(377 s.e. 94) lies below the hypothesis of randomness whils t p.feed A' for 
treatment 3 (844, s.e. 38) lies significantly (p <  0.01) above it. Therefore, the 
indication from the data was that diet selection had differed, in a systematic 
fashion, from the expectation of randomness.
P2: The inclusion of treatment 4 in this experiment admitted a formal test 
of proposition (P2). In this instance, however, it was not possible to estimate 
the degree of confidence in the expectation that p.feed A' was not 1000g/kg TFI 
since the p.feed A' value was not common to both treatments. Hence the 
expectation was rephrased to be that the lambs will avoid complete ly feed D', 
that is, p.feed D' = 0.
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was not s ignificantly different (p >  0.1) from that recorded. Furthermore, 
p.feed D' was found to be signif icantly smaller (p <  0.05) when the other feed 
was B' rather than A'. Additional tests using the transformed data were made 
in this instance due to the obvious skewness in the d istribution of the p.feed D' 
values. Transformed p.feed D' was found to be signif icantly d ifferent (p <  0.05) 
from the expected outcome, indicating that the lambs were consuming some of 
feed D'. The difference between transformed p.feed D' fo r treatments 3 and 4 
was not significant (p >  0.1). Thus, the transformed data gave a less dramatic 
picture of the avoidance of feed D' than the untransformed data. However, 
since the avoidance of feed D' was strongly evident, it was considered that the 
experimental resources of treatment 4 could be more effectively directed 
towards other parts of the experimental programme and so the trea tm ent was 
ended after four weeks.
P3: The data presented in Fig. 2.7 have indicated that p.feed A' was 
dependent on the nature of the other feed on offer. Since each of these other 
feeds,that is, feed B', C' or D', included different proportions of feed A' when 
they were mixed, it was possible to calculate the proportion of the total feed 
intake as component feed A' (p.comp. A'). Table 2.12 shows the corresponding 
treatment means calculated from the data of individual lambs.
The p.comp A' data may be used to test the first expectation of proposition 
(P3) that all the lambs will select a diet of a certain composition, tha t is, 
p.comp A' is constant across treatments. Analysis of variance showed no 
significant treatment, period or sex effects (p >  0.1). Proposition (P3) therefore 
w ithstood the test of the data and it may be seen that the lambs had selected 
a common diet w ith an overall mean p.comp A' of 807 (s.e. 23) g/kg TFI.
The results obtained from Exp.1 have enabled the second expectation of 
proposition (P3) to be asserted, that the lambs would select a diet w ith an 
overall mean CP content of 147 (s.e. 3.3)g/kg TFI . On the basis that p.comp A' 
was similar between treatments over periods, and that the lambs were very 
close to 25kg LW at the beginning of the experiment, it was permissible to 
compare the observed mean CP content of the diet selected by the twelve 
lambs [149 (s.e. 6.8)g/kg TFI] in this experiment w ith that of the expected value. 
The two values were not s ignificantly different (p >  0.25) from each other. 
However, the analysis of the p.comp A' data has already revealed that the 
composit ion of the diet selected did not change significantly w ith in  the ten
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Table 2.12 The Effect of treatment on the Proportion of the Total Feed Intake (TFI) taken as 
component feed A' (p.comp.A1, g/kg-TFI)
p.comp.A' (s.e.) Period 1 Period 2 Overall
Feed Pair
T1 (A' with B’) 800 (30) 789 (35) 788 (29)
T2 (A' with C) 784 (68) 791 (45) 789 (51)
T3 (A' with D') 864 (21) 837 (46) 844 (38)
Period mean 816 (26) 805 (24) 807 (23)
Table 2.13 The Change In the Composition of the Diet Selected (p.feed A', g/kg TFI) In 
Treatment 1
Lamb Period 1 Period 2 Period 3
Identity (0-7 weeks) (7-14 weeks) (14-21 weel
1 465 630 784
2 597 559 724
3 341 428 794
Mean (s.e.) 468 (74) 539 (59) 767 (22)
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weeks of the main experiment. On the basis of the ten -w eek  data, the 
expectation that the CP content of the diet selected fell must be rejected.
Nevertheless, the extra eleven weeks of data available for t reatm ent 1 
allowed a test of the expectations to be made over a longer time-span. The 
data for the three surviving lambs of treatment 1, presented in Table 2.13, are 
divided into three arbitrary seven-week periods to facilitate a simple analysis.
It is apparent that there was a significant (p <  0.05) increase in p.feed A' 
between periods, which corresponds to a s ignificant decrease in the CP content 
of the diet selected. The data of this experiment are compared with those of 
Exp.1 in Fig. 2.8. Furthermore, as a summary of the results of diet selection, 
f igures which show the plot of cumulative differences in intake of feed B' and 
feed A' (Cum.diff.BA) have been used again to describe the essential character 
of the path of diet selection in lambs (see Fig. 2.9). For all three lambs, in 
accordance w ith  the expectations, the path of diet selection showed a gradual 
transition from a diet of high CP content to one of low CP content.
C1: An analysis of the variance in daily rate of TFI indicated no s ignificant 
differences between sexes or treatments (p >  0.25), which result was not 
different from that expected by corollary (CT). Secondly, the average daily rate 
of TFI fo r period I, at 1045g/day (s.e. 59) was not s ignificantly different (p >  
0.1) from the expected rate of 1248g/day. Furthermore, the analysis of variance 
indicated that daily rate of TFI increased in Period II (p < 0.001), again in 
accordance with expectations. Finally, the ten -w eek TFI of 101.2kg (s.e. 4.4) 
was not s ignificantly different (p >  0.1) from the 102.1kg expectation, which 
was based on the data of Exp.1. However, a presentation of the data in 
graphical form (Fig. 2.10) indicated that the rate of TFI deviated- systematica lly 
in Exp.2 from that which was recorded in Exp.1. Rate of TFI started off lower 
and ended higher in Exp.2.
C2: The expectation of corollary (C2) that the lambs on Treatment 5 would 
take feed at a similar rate to choice-fed lambs was tested by a t - te s t  
comparison of daily rate of TFI in the two periods. Treatment 5 lambs did not 
eat at a s ignificantly different (p >  0.1) rate than choice-fed  lambs.
C3: The TFI data of the lambs in Treatment 6 were subjected to an analysis 
of variance, as a test of the expectation that Treatment 6 lambs would have an 
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Table 2.14 The Effect of Treatment on the Estimate of the Gompertz Rate parameter (B) for 
Liveweight Gain
Treatment n Feed 1 Feed 2 B (x10-3) s.e. (x10-3
1 4 A B 9.10 0.73
2 4 A C 9.13 0.96
3 4 A D 8.60 0.96
4 4 B D 10.10 1.10
5 3 B - 9.01 0.58
Total 19 9.20 0.38
6 4 A _ 8.17 0.52
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found to be lower, but not s ignificantly lower (p >  0.1) compared with all the 
other treatments, which was contrary to expectations.
C4: A Gompertz analysis of LWG using an estimated mature LW of 100kg 
yielded estimates of the rate parameter, B, fo r the six treatments, as given in 
Table 2.14. There were no s ignificant (p >  0.25) differences between the four 
cho ice-fed  treatm ent groups, in agreement w ith the expectations of corollary 
(C4). The average rate of LWG for these lambs was 319 (s.e. 18)g/day.
C5: As expected, there was no significant (p >  0.25) difference between 
the B value of the cho ice-fed  lambs and those offered feed B' only. However, 
all of these lambs collectively had a B value of 0.0092 (s.e. 0.0004) which was 
signif icantly  greater (p <  0.05) than the expected rate [0.0078, s.e. 0.0003] from 
Exp.1
C6: The lambs given feed A' only had an estimated B value for LWG of 
0.0082 (s.e. 0.0005), which was in the expected direction but was not 
s ignificantly d ifferent (p >  0.1) from that of the rest of the lambs.
2.7.5 Discussion
The recorded outcomes departed from the expectations in two main areas 
of the experiment.
(i) The lambs of treatm ent 4 chose a measurable proportion of the high CP 
content feed D' in their total feed intake when a total avoidance of that feed 
was expected. In absolute terms, however, the choice of the lambs on 
Treatment 4 was overwhelm ingly away from feed D'. It was suggested in the 
review that animals may continue to test small quantities of, in this instance, 
an imbalanced feed in order to remain informed about any changes in the 
quality of the feeds on offer. A fter formal statistical analysis this minor effect 
may have come to be significant but such an outcome should not be taken as 
evidence against the idea that lambs seek to minimise excess protein intake.
(ii) At f irs t glance the discrepancies in TFI and LWG between the cho ice-fed  
lambs of Exps. 1 and 2 may appear to undermine the proposed theory of diet 
selection. An attempt is now made to explain these anomalies which imply 
that the lambs in Exp.1 did not have, or were not able to express, the same
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p o te n t ia l  fo r  g ro w th  as th e  la m b s  in Exp.2.
In both experiments the lambs used were of the Suffolk X Greyface type, 
but were obtained from different farms. Thus there remains the possibil ity that 
the sires, or dams, or both parents of the lambs in Exp.2 had a larger mature 
size than those in Exp.1, a factor which would explain at the outset the greater 
g row th  potential and the greater feed intake required to support the growth of 
the lambs in Exp.2. Consequently, in terms of the opportunity to express the 
potentia l for growth, it should be remembered that the d igestib ility  and 
nutrit ive  value of the pairs of feed on offer were similar, save for CP, and that 
the evidence of the diet selection provides good grounds for believing that the 
lambs, in both experiments, were regulating the ir total feed intake on the basis 
of the ir  requirements for energy. The problem then arose of predicting the 
energy requirements of the lambs as feed equivalents.
Once again, the models of ARC (1984) and Emmans (1987,1988) were 
compared with the feed intake data. Emmans' model predicts the feed intake 
needed to satisfy the energy requirements for maintenance, growth and 
fattening. Therefore, the close agreement between the predicted and recorded 
rates of feed intake (Fig. 2.9) strengthened the argument that the lambs were 
not lim ited by nutrient intake.
The ARC model, however, which was an adequate predictor of feed intake in 
Exp. 1, was found to deviate greatly from the data in this experiment. The 
cause of this d isagreement is not considered to be that the lambs failed to 
select a non - l im it ing  diet, but to be a reflection of the rationale of the
model itself. The ARC model predicts feed intake from a knowledge of only LW 
and q, the metabolisability of the feed. This procedure treats all sheep of a 
given LW as equals regardless of possible differences in degree of maturity and 
grow th  potential (e.g. between breeds of different mature size) and possible 
differences in composition of the gain.
Finally, the absence of the expected differences in growth and feed intake 
of lambs offered feed A' only is attributed to an experimental design that 
allocated too few lambs to the treatment to attain significance, and that began 
w ith  lambs whose degree of maturity reduced the relative severity of the 
treatment. Consequently, had more lambs been taken at lower liveweights, it is 
stil l expected that the effect of a single feed of low nutrient: energy ratio
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offered ad lib itu m  would be to reduce growth rate and feed conversion 
efficiency.
The design of the experiment benefitted from the improvements suggested 
in Exp. 1. The greater difference in the CP content of the feed on offer rendered 
the variation around the mean treatm ent values to be less influential on the 
statistical significance of the results than in Exp.l. The illustrative paths of diet 
selection (Fig. 2.9) produced curves of the same type as in Exp.l, showing a 
gradual transition from a diet of high CP content to one of low CP content.
Taking into account liveweight, the closeness between Exps.1 and 2 in the 
CP content of the diet selected, despite the tw o  quite different ranges of 
choice offered, is most immediate in the plot of Fig. 2.8. Again, the values are 
in the range considered by NRC (1985) to be the requirement of similar lambs. 
However, this outcom e is not hailed as 'proof' of a CP requirement in lambs, 
since there are reasons to doubt the usefulness of such a scale and to 
speculate on the Influence on diet selection of an unmeasured nutrient other 
than CP or an amino acid. Nevertheless, allied to the f inding that growth rate 
equalled or surpassed that previously recorded In the sheep type, 
cho ice-feeding has opened Itself to the interpretation that it is a means of 
determining the animal's requirement for a given resource. Choice feeding has 
been demonstrated to be an alternative method to ad lib itum  feeding of single 
feeds for the provision of non - l im it ing  conditions for growth. It Is the charge of 
future researchers to decide how much further the Implications of the approach 
can be taken In nutrition science.
2.7.6 Conclusions
The experimental evidence has offered substantial support to the 
propositions and corollaries which embody the theory that lambs are capable 
of expressing their complete Inheritance when given the opportun ity  to select a 
balanced diet. It is therefore concluded that the lambs selected a diet
(a) in a directed manner.
(b) which minimised excess protein Intake.
(c) which, at each successive degree of maturity, was not f irs t l im iting in a 
nutrient and hence, in quantity, reflected their energy requirements for 
maintenance, growth and fattening.
(d) which supported the full expression of their inheritance.
2.8 Exper im ent  3: A Tes t  of the  Rules for the Choice of Feed  
Bulkiness.
2.8.1 Objectives
The literature review betrayed the shortage of information (from 
con tro l led -env ironm en t experiments) which can be used to test the proposed, 
but largely unsubstantiated, 'rules' for the choice of feed bulkiness.9 Such 
information is considered to be important for the prediction of feeding 
behaviour and growth of lambs reared under field conditions, in which the 
feeds on offer are frequently lim iting to growth through the incapacity of the 
animals to eat enough of them. Therefore, the purpose of this experiment was 
to test several proposit ions concerning diet selection, feed intake and growth 
from lambs given free and continuous access to two feeds, of similar protein 
content but which differed in their digestibility.
2.8.2 Propositions
The simple notion that lambs, when offered tw o  feeds of different bulkiness, 
will minim ise their feeding t ime and intake of ballast was adopted as the basis 
fo r the propositions of this experiment. Consequently, it was expected that 
lambs, when offered tw o  feeds of different bulkiness,:
P1: will select a diet in a directed manner.
P2: will complete ly avoid the more bulky feed of the pair.
2.8.2.1 Corollaries
Should all the lambs favour the less bulky (non- lim it ing) feed, the ir growth 
will not be first lim ited by a nutrient, in which case the fo l low ing corollaries 
apply:
C l:  all the cho ice-fed  lambs will have a similar TFI which is dependent on,
9 The term  'bu lk ' is used in th is  experim ent to denote feeds o f low  d ige s tib ility  and bulk density. 
In th is  case, the d iffe rences were achieved by incorpora ting  processed s traw  into the feeds (see 
M ateria ls  and Methods.)
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and predictable from, their energy requirements for maintenance, growth and 
fattening.
C2: lambs offered the less bulky feed alone will have similar TFI 
characteristics to cho ice-fed  lambs.
C3. lambs offered more bulky feeds alone will eat, according to the 
bulkiness of that feed,
(a) more feed to reach DFI (energy).
(b) less feed and fail to reach DFI (energy) when limited by bulk.
C4: all cho ice-fed  lambs will g row at the rate set by their inheritance i.e. 
they will have a Gompertz B rate parameter value which is not d ifferent from 
the expectation of 0.0092.
C5: lambs offered the less bulky feed alone will have similar B values for 
LWG to the choice-fed  lambs.
C6: lambs offered more bulky feed alone will,
(a) have similar B values for LWG to choice-fed lambs.
(b) have lower B values for LWG than choice-fed lambs when bulk becomes 
limiting.
2.8.3 M a te r ia ls  and M e thods
Animals 28 Suffolk X Greyface wethers (n = 14) and females (n = 14) at an
age of approximately seven weeks and an average LW of 19.2 (s.d. 2.4)kg were
purchased from the same commercial farm as in Exp. 2. Four extra lambs were 
also drafted into this experiment from treatment 4, Exp. 2, four weeks after the
beginning of the experiment (see Design).
Feeds Four pelleted feeds were required which had an abundance of 
protein, minerals and vitamins but which differed in digestib ility and bulk 
density. The dilution method for mixing these feeds, described in Exp. 1, was 
employed once again and the basal feed mixed first, w ithout molasses.
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The least bulky (non-lim it ing) basal feed was of the same form ula tion  as 
feed B' in Exp. 2 and will continue to be labelled feed B'. It was planned to 
effect the difference in d igestib ility between the two basal feed by substitu ting 
ground wheat straw for the barley and sugar beet pulp in feed B\ However, as 
the feed milling facilit ies were not able to handle the quantities required fo r the 
experiment, nutritionally improved straw pellets 10 were taken instead and 
crushed for the purposes of mixing. All of the barley and sugar beet pulp, and 
0.018 of the fishmeal in feed B' were replaced by 0.759 of the treated straw to 
form feed Z (see Table 2.15).
The range of four feeds of different d igestib il i ty  was made from mixtures of 
feeds B' and Z. Feed X was a mixture of 2/3 8' and 1/3 Z. Feed Y was made 
from 1/3 B' and 2/3 Z. A proximate analysis of the feeds was carried out and 
the results are given in Table 2.16.
Experimental Design The 28 lambs were balanced for sex and randomly 
allocated to one of seven treatments. The main experimental treatments lasted 
fo r eleven weeks. Treatment 8, however, began at week 4 and will be treated 
separately from the rest. The design of the experiment is given in Table 2.17.
Management The housing and penning facilit ies were identical to those 
described in Exp. 1 and Exp. 2. The weighing and feeding routine was also the 
same as in Exp. 2; the two experiments were run at the same time.
2.8.4 Results
The eleven weeks of the experiment have been divided into two periods 
(Period I, weeks 1-4; Period II, weeks 4-11) in order to include the data of 
Treatment 8 and make comparisons with Exp 2. The actual weekly feed intake 
and liveweight data of individual lambs can be found in Appendix D. There were 
four deaths in the experiment: lambs 18 and 19 (Treatment 3), lamb 45 
(Treatment 5) and lamb 40 (treatment 7). Their data have been complete ly 
excluded from the analysis. Lamb 18 was replaced by lamb 13 in week 4 when 
Treatment 6 began.
^  VITON-NIS (NaOH treated straw) from  U n itrition  In ternationa l Ltd: Analysis {%), Oil (1), crude 
pro te in  (4.2), U.D.P. (1.0), crude fibre (36), D igestib le fibre (25), Ash (10.5), M etabolisab le energy 
(9.1 M l/kg  DM), Sodium  bicarbonate equivalent (3).
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Table 2.15 The Composition of the Basal Feeds (g/kg freshweight) in Experiment 3
Ingredient Feed B' Feed
Ground barley 313 0
Sugar beet pulp 440 0
White fishmeal 190 172
Vlton NaOH straw 0 759
Urea 0 19
Dicalcium phosphate 3.8 0
Ground limestone 2.2 0
Salt 1.5 0
Nutrikem sheep trace element/vitamin mix 2.5 2.0
Molasses 47.0 48.0
1 0 0 0 .0  1 0 0 0 . 0









Digestibility of organic matter 0.90 
Metabolisable energy3 (MJ/kg) 12.2 
Bulk density (kg/m3) 687
X Y Z










3 values calculated from feed tables
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Table 2.17 The Design of Experiment 3
Each lamb was offered continuous ad libitum access to one or two feeds:
Treatment n Feed 1 Feed 2 Duration
(weeks)
1 4  B Z
2 4 B Y
3 4 B X
4 4 B -
5 4 X -
6 4 Y -
7 4 Z -
8 3 X Z
Table 2.18 The Effect of Treatment on the Composition of the Diet Selected 
(p.feed 1, g/kg TFI)
Treatment n Feed 1 Feed 2 p.feed 1 (s.e.) Significance of difference
from random choicef
1 4 B Z
2 4 B Y
3 3 B X
Total 11
8 3 X Z







A similar analysis to that made in Exp. 1 and Exp. 2 was adopted fo r this 
experiment: the proportion of the TFI which was taken from the trough which 
contained feed B' became p.feed B', a measure com m on to Treatments 1-3.
P1: The mean p.feed B' value of 619 (s.e. 35)g/kg TFI (Table 2.18) for 
treatments 1-3 differed significantly (p <  0.001) from the expectation that 
p.feed B' = 500g/kg TFI. This outcome agreed w ith  the expectation of 
proposition (P1) that lambs would choose a diet in a directed manner.
P2: However, the same mean indicated that diet selection was significantly 
different (p <  0.001) from the expectation of proposition (P2) that p.feed B' = 
1000g.kg TFI.
This outcome prompted a closer look at the diet selection in each 
treatment (see Table 2.18). The diet selected by lambs on Treatment 1 [p.feed 
B' = 649 (s.e. 40)g/kg TFI] and Treatment 2 [ 684 (s.e. 62)g/kg TFI] were found 
to differ s ignificantly (p <  0.01) from the expectation of randomness. For 
Treatment 3 [p.feed B' = 494 (s.e. 32)g/kg TFI], it was not (p >  0.1). 
Nevertheless, when the choice was offered between feeds X and Z (Treatment 
8), the lambs showed a significant avoidance (p <  0.001) of the more bulky 
feed Z (p.feed Z = 38 (s.e. 26)g/kg TFI), an outcome which did not d iffer from 
expectations. Furthermore, p.feed X differed significantly (p <  0.01) when the 
other feed was Z (962 s.e. 26) that when it was feed B' (506 s.e. 32). The value 
for p.feed Z differed significantly (p <  0.01) when the other feed was X (38 s.e. 
26) than when it was feed B' (351 s.e. 40).
C1: The average rate of total feed intake of the choice-fed  lambs 
(Treatment 1-3) was 1213 (s.e. 74)g/day In the first four weeks rising to 1829 
(s.e. 49)g/day in weeks 4-11. As was expected, there were no s ignificant (p >  
0.1) treatment differences.
C2: At no point in the experiment did the rate of total feed Intake differ 
s ignificantly (p >  0.1) for the choice-fed lambs (though it tended to be greater 
in both periods) from that of lambs offered feed B' only (see Fig. 2.11). This 
outcome was in agreement with the expectations.
C3: The relationship between rate of total feed intake and the proportion of 
component feed Z in the single feed on offer in Treatments 4 -7  in period I , is 
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Table 2.19 The Effect of Treatment on the Estimate of the Gompertz Rate parameter (B) for 
Liveweight Gain
Treatment n Feed 1 Feed 2 B (x10'3) s.e. (x1 O'3)
1 4 B' Z 9.87 0.77
2 4 B’ Y 9.18 0.36
3 3 B’ X 8.48 0.60
4 3 B' - 8.54 0.41
5 4 X - 9.51 0.76
6 4 Y - 8.01 0.88
7 3 Z - 7.13 0.39
8 3 X Z 9.17 0.72
/K
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their feed intake on the bulkier feed X but decrease their feed intake as bulk 
became lim iting (feeds Y and Z) was qualitatively supported by these data. A 
model of the type suggested by Conrad et a / {1964) and Dinius and Baumgardt 
(1970) has been fitted by tw o  separate regressions (see Fig. 2.12) but the small 
number and high variability of the data did not permit an accurate estimate of 
the feed com posit ion  which represented a constraint on feed intake through 
bulk. From the graph it can be taken as a feed contain ing 0.33 feed 
Z. Furthermore, this constra in t on intake was passing since in weeks 4-11 there 
were no s ignificant differences (p >  0.1) between any of the eight treatments 
in their rate of total feed intake.
C4: A Gompertz analysis of LWG, using an estimated mature LW of 100kg, 
yielded estimates of the rate parameter, B, for the eight treatments, as given in 
Table 2.19. There were no s ign if icant differences (p >  0.1) between the four 
choice-fed treatm ents and the combined value of 0.0092 (s.e. 0.0003) was not 
significantly d ifferent from the expected value of 0.0092. The average rate of 
LWG of the lambs was 338 (s.e. 16)g/day.
C5: Lambs offered feed B' alone did not differ significantly (p >  0.1) In their 
B value (0.0085, s.e. 0.0004) from choice-fed  lambs, in agreement with 
expectations.
C6: Lambs offered feed X alone also did not differ s ignificantly (p >  0.1) in 
their B value (0.0095, s.e. 0.0008) from treatment 4 lambs or the cho ice-fed  
lambs. Lambs offered feed Y only and feed Z only did have lower B values, but 
only treatment 7 (feed Z) was signif icantly  lower (p < 0.01). Treatment 7 lambs 
gained LW at an average rate of 251 (s.e. 12)g/day.
2.8.5 Discussion
The shortage of data concerning the diet selection of sheep given pairs of 
feeds which differed only in the ir bulkiness had encouraged the deliberate 
policy of testing a series of naive (some 'null') hypotheses in this experiment. 
The falsity of such a simple view was exposed immediately by the failure of 
the 'bulk-avoidance' theory to predict the diet selection and hence TFI and LWG 
of these lambs. Therefore, it is necessary to discuss further these results using 
the additional in formation from the single feed treatments to in terpret the 
choices made. Since this experiment shares the information from Treatment 4
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with that of t reatm ent 5 Exp. 2, com m ents of LWG and FI from that experiment 
should be borne in mind during the discussion.
It was concluded in the previous experiment that feed B' was not l im iting to 
growth. On the LWG criterion, feeds X and Y were not found to be lim iting 
though feed intake on feed Y was depressed and it is possible that higher 
gu t- f i l l  weights in this treatm ent contributed to the apparently non- l im ited  rate 
of LWG. Feed Z was certainly l im iting and since FI was depressed, it may be 
concluded that it was lim iting through its bulkiness.
Consequently, the set of choices offered did not give as wide a range as 
had been intended due to a lim it on animal numbers and the unavoidable 
compromises in the feed formulation. In the context of the schema of section 
2.5, the choices offered were:
Treatment Feed 1 Feed 2
(less bulky) (bulky)
1 B ( non-lim iting ) Z (lim iting^
2 B (n o n - lim it in g  Y (m arg ina lly  limiting})
3 B (non-lim itinch  X ( n o n - lim it in g
8 X (non-limiting?) Z ( limiting?
The most striking result of the experiment was the refutation, at least in 
part, of the theory of optimal foraging (Krebs and McCleery, 1984) which had 
fostered the proposition that the lambs would minim ise their bulk intake and 
feeding time. In treatments 1-3 there had been a s ignificant intake of the more 
bulky feed. It could be argued that the ruminants which always take a small 
amount of roughage material would maintain their rumen microflora in a state 
of adaptiveness, such that they would be better able to digest new, fibrous 
feeds, should conditions change, than individuals eating only highly digestible 
feeds. However, since there was no apparent fix ity  between treatments of what 
could be termed a 'roughage requirement', this speculative theory cannot be 
substantiated and each treatment must be considered on its own.
Hence, given the nature of the choices on offer and the fact that lambs did 
not complete ly avoid the bulkier feeds, it became apparent that there was no
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reason for the lambs in treatm ent 3 to favour either feed and that only 
treatments 1, 2 and 8 would they be expected to show a significant avoidance 
of the bulky feed. The tendency for cho ice-fed  lambs to eat and to gain LW at 
faster rates than lambs offered feed B' only is attr ibuted to the greater 
vo luntary intake of bulk (see Fig. 2.11) in these treatments which, it is assumed, 
had a consequential effect on gu t- f i l l  weight and hence LWG. A more realistic 
comparison may be made between choice-fed  lambs and lambs offered feed X 
only, where no differences were found. Dietary choice became more critical 
when the less bulky feed occupied more of the animal's capacity for bulk 
(treatment 8) such that only then did the animals minim ise their intake of bulk. 
It is therefore possible that optimal foraging theory applies to only one case of 
the choices for feed bulkiness. It is suggested that the theory has been tested 
primarily under condit ions where animals were given n o n - lim it in g /lim it in g  or 
l im it in g /lim it in g  choices, that is, under wild and agricultural field conditions 
where non- l im ited  growth  would never have been possible. The Rules of Diet 
Selection are offered once again as a perspective and guide to the 
in terpretation of such studies. It would be the aim of future research to repeat 
the experiment using treatments with greater differences between the feeds in 
the ir bulkiness, as was orig inally intended. It would also be sensible to 
formulate  the feeds in accordance with the methods of others (e.g. Dinius and 
Baumgardt, 1970) who have supplied in formation on the intake characteristics 
of single feeds. Of particular in terest would be the testing of the 
l im it in g /lim it in g  option, which, it is believed, has immediate application to the 
prediction of grazing behaviour and feed utilisation of animals in the field.
2.8.6 Conclusions
This firs t experiment to test the Rules of Diet Selection fo r Feed Bulkiness 
permitted the fo l low ing  conclusions to be drawn.
1) Lambs, offered a choice between two feeds of high and non - l im it ing  
nutrient: energy ratio, but of different bulkiness, select a non-l im it ing  diet.
a) by eating at random between the feeds when neither is l im iting to 
growth.
b) by avoiding (but not completely) the bu lk - l im it ing  feed when such a 
strategy does not constrain desired feed intake.
c) by choosing exclusively the less bulky feed when desired feed intake 
would be constrained by any intake of the bulkier feed.
109
d) which is dependent on and predictable from their energy requirements 
for maintenance, growth and fattening.
e) which supports their potential for growth.
CHAPTER 3
THE GROWTH OF SHEEP UNDER LIMITING CONDITIONS.
3.1 Introduction -  Three  Possible Paths to M atu r i ty
In Chapters I and II methods of describing the path of g row th  as 
determined by heredity, and the conditions which permit the atta inment of the 
potential were proposed. The problem of predicting the growth of sheep under 
lim iting conditions (that is, when one of the four conditions for non - l im it ing  
growth is not met) is now considered.
In his seminal paper entit led The Capacity of Animals to Grow under 
Adverse Conditions', Waters reported his observations on the growth  of two 
groups of steers, which started the experiment close to their desired state, fed 
either (i) to maintain their bodyweight or (ii) to grow at the rate set by their 
potential.
The finding that
fo r a considerable time after the animal was put on
maintenance it increased in height quite as rapidly as did the
animal which was fed to the lim it of its appetite [and that] an 
ungrown animal may remain at constant body weight for a long 
period of t ime and yet increase in height and decrease in its 
stored fat
suggested to Waters that animals had more than one way (i.e. other than that 
described by the potential growth curve) of reaching maturity. He concluded 
that
Apparently the animal has recourse to any or all of the
follow ing ways to reach a normal size.
First, by growing steadily from birth to maturity, as with a
uniform and ample food supply.
Second, by storing fat in a period of abundant food supply to 
assist in tid ing over a limited period of sparse food supply 
w ithout serious interruption of growth.
Third, by prolonging somewhat the growth  period [since] an 
animal when sparsely fed through the early part of its life may 
grow after the time when an animal that was normally nourished 
is matured and has ceased to grow.
W a te rs  (1908)
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To Waters, therefore, the way an animal reached its Inherited mature size 
was subservient to the desire to achieve it, since animals have evolved ways of 
grow ing which allows them to attain the mature form for the ir species despite 
f luc tuations in the feed supply.
The purpose of this review is to organise the ideas and experimental 
evidence on the subject of growth under limiting conditions, with particular 
reference to feed restriction (Waters' second and third 'path' to maturity). The 
responses of the animal in terms of the fa t- free  body will be considered first. 
Then, the important relationship between the nature of the feed restriction and 
the relative rates of growth and fattening will be presented.
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3.2 A Theory  of G rowth  under Restr ic ted Feeding Condit ions
3.2.1 The Diminution of the Gut Contents
ARC (1984) confirmed that the apparent d igestib ility  of feed for ruminants 
increases as level of feeding is decreased from ad lib itu m  Given this 
knowledge, It must fo l low  that the weight of faeces collected from a sheep 
under a feed restriction will be lower than that from a sheep fed ad lib itu m  of 
the same feed. However, ARC (1984) also report that 'plane of nutrition has a 
surpris ingly small effect on the g u t—fill of ruminants' which would appear to 
indicate that an argument based on d igestib ility  of the feed cannot be simply 
extended to predicting the we ight of gut contents, composed of partially 
digested feed and water, as well as faeces. Nevertheless, a long interval 
between the last feed or water intake and the recording of gu t- f i l l  would 
presumably result in a decrease in the gu t- f i l l  of a restricted animal because of 
the smaller contribution of water or partially digested feed to the total we ight 
of gu t-f i l l .  Consequently, there are data to support the idea that restricted 
sheep decrease their we ight of g u t- f i l l  (Mitchell, Kammlade and Hamilton, 1928; 
Burton, Anderson and Reid, 1974; Murray and Slezaceck, 1976)
3.2.2 The Fixity of Form in the Lipid-free Empty Body
Hammond (1932) initiated a series of experiments on the effect of a feed 
restriction on the growth and tissue yields of pigs (McMeekan, 1940), lambs 
(Palsson and Verges, 1952), poultry (Wilson, 1952, 1954) and goats (Wilson, 
1958). The conclusions drawn from this work became widely accepted, and are 
typified by the words of Palsson (1955).
(a) During late foetal life to maturity, any part, organ or tissue 
of the animal's body is proportionately retarded in development 
by restricted nutrition at the age when it has the highest natural 
growth intensity.
(b) Restricted nutrition during any age interval, from late foetal 
growth until g rowth ceases, has an increasing retarding effect on
the different tissues and parts of the animals body in the direct
order of their maturity.
Such a conclusion came as a consequence of the way Palsson had chosen to 
analyse the data from his experiments. His inclination, evidently shared by the
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Cambridge School, had been to compare between the treatments absolute and 
relative growth rate of each component and proportionate com posit ions at 
certain l ive - or carcase weights. This mode of analysis confirmed Palsson's 
v iew that each component of an animal responds independently and 
differentially, albeit in some kind of order, to a feed restriction.
However, an im portant feature of the work of Waters, which was confirmed 
later in the studies of Moulton et at (1922) and upheld by Murray (1919) was 
that, except in the most severe cases of undernutrition, the different ways of 
reaching maturity  did not alter the proportions of the Iipid—free empty body of 
animals during growth  or at maturity. In Thompson's (1917) words:
the form  finally attained is so definite, and is little dependent 
on the time taken to effect it, that the specific rate of change, or 
rate of growth, does not enter into the morphologica l problem.
Therefore, it may be more helpful to say that the animal inherits a 
g row th -p lan  which leads to a strongly fixed form for the lip id -free  empty body 
at maturity. Independently of the rate at which maturity  is attained, the animal 
has, at any particular degree of maturity  during the expression of growth, a 
certain, largely invariant, form to the lip id -free  body which successively keeps 
the animal in a state of fitness throughout the process of maturation. 11
Consequently, this picture of animal development promotes the idea that an 
animal may respond to a feed restriction as a viable whole and contrasts w ith 
the view of the Cambridge school which emphasised the 'profound influence of 
nutrition on the animal body' (McMeekan, 1940) by measuring the differential 
growth  of each component.
3.2.3 The Contraction of the Feed-processing Organs
The data of Moulton et al (1922) on the cattle of Waters (1908) were 
obtained to reassess the effect of a feed restriction on body form by the 
method of a llometric analysis recommended in Chap. I for the description of 
the potential fo r g rowth in animals. The availability of chemical data fo r each
11 The exclusion of fa t  f rom  the issue is w ide ly  agreed upon (Elsiey et al, 1964) in accordance 
w i th  W aters ' early proposit ion that fat is mobil ised in the body when the animal is grow ing under 
adverse conditions.
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anatomical component of the body improved the accuracy of the analysis since 
it avoided the problem of unequal lipid content in organs from w e l l-  and 
poorly - fed  individuals. The results of the analysis confirmed the conclusion of 
Moulton et at (1922) that no differences between the tw o  treatments in the 
relative growth of any of the components of the lip id -free  empty body were 
present.
A similar reanalysis on the published data of Mitchell et al (1928) for 
growing sheep revealed again the expected fixity of form in the lip id -free  
empty body between lambs given fixed allowances of alfalfa and corn 
(0.7kg/day) and those offered the feeds ad lib itu m  However, the chemical data 
fo r the composit ion of the offal (head + skin + feet + viscera) showed a smaller 
contribution to total body protein (excluding wool) from the offal component in 
the poorly fed lambs at the same degree of maturity.
The greater part of the treatm ent differences reported for the anatomical 
components in the paper of Palsson and Verges (1952) vanished under the 
scrutiny of the same allometric analysis, as indicated by Elsley et a l (1964). 
There was a fixed relationship, independent of feeding level, between carcase 
muscle and all the skeletal components (except the head) and the organs of 
respiratory system. However, the analysis showed that the sheep on the lower 
plane of nutrition had relatively less weight of stomach and less we ight of liver 
than the lambs on the high plane.
Departures from the directives of the g row th-p lan  in the visceral 
component of the sheep of Mitchell et 3/(1928) and Palsson and Verges (1952) 
may therefore be ascribed to the animal's tru ly adaptive ability to abate the 
growth of feed processing organs at a time when feed is scarce. The 
relationship between rate of feed intake and gutsize was introduced in Chap.
I.
3.2.4 The Inconsistency of Wool Gain
The historical prominence of wool in agriculture encouraged the earliest 
sheep scientists to investigate the effects of nutrition on wool yield. Indeed, 
Kellner (1915), backed by reliable data, confirmed the common experience that 
wool g rowth slows down under conditions of poor feeding. Kellner and others 
(Fraser, 1935; Marston, 1935) were also prompt to recognise the major role that
wool has in the nitrogen economy of the sheep, particularly its requirement for 
su lphur-conta in ing  amino acids (Marston, 1935). Moreover, later research has 
shown that immature sheep under l im iting conditions decrease their rate of 
wool growth to a lesser degree than their growth of body protein (Kellaway, 
1973). The form of the lamb in terms of its wool: protein ratio may therefore 
depart from the directives of the g row th-p lan  in response to poor feeding 12 
However, since data from other studies (e.g. Mitchell et at, 1928) have already 
indicated that the wool: protein ratio does not deviate from normality in all 
restricted feeding situations, this proposition cannot be taken as universal. 
Consequently, the problems of relating yield and quality of wool to nutritional 
factors, particularly sulphur supply, are long-standing (see review by Ryder and 
Stephenson, 1968) and knowledge of the wool growth patterns of mature 
sheep, often taken as a standard, may not be applicable to the case of lambs 
grow ing under lim it ing conditions prior to their f irs t moult.
12Analogous cases can be found in the abnormal grow th  of feathers in chickens and hair in pigs 
under severely restr ic ted feeding conditions.
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3.3 The Partit ioning of Scarce Resources
A way of relating the desire of an animal to reach maturity to its need for 
certain feed resources (to satisfy that desire) was introduced in Chap. II, in the 
words of Waters (1908) as a feed requirement fo r '(a) M air:enance (b) 
Production of Growth [protein + water + ash] and (c) Production of Fat [lipid]'. 
In his scheme, growth of protein and ash were distinguished from fattening, 
and the form er were seen as having priority for the resources during the 
g row th  period. Fat, or lipid, was identif ied as the variable com ponent of the 
empty body, and was therefore regarded as a reserve of energy, given lowest 
priority during the growth period, which was mobilised as a source of 
supplementary energy whenever the energy yield of the feed was lim iting to 
maintenance and growth.
Waters' proposals of the animal's rules for the partition ing of scarce 
resources form the basis of a workable theory which benefits from the addition 
of the qualification, asserted by Emmans and Fisher (1986) but acknowledged 
by Elsley et at (1964) and Black (1974), that the allowance of feed is better 
described in terms of its f irst l im iting resource to growth. The resource will be 
either the firs t l im iting nutrient or energy.
This helpful distinction has not been w idely employed in the published 
literature. In the papers of Palsson and Verges (1952), Morgan and Owen (1972), 
McManus, Reid, and Donaldson (1972) and Thornton, Hood, Jones, and Re (1979) 
only the feed constituents are named. In the works of, for instance, Meyer and 
Clawson (1964), Andrews and Orskov (1970), Drew and Reid (1975), Murray and 
Slezaceck (1976) and Winter, Tulloh and Murray (1976) the quality of the feed is 
represented in terms of its derived crude protein and ash contents, which are 
more helpful but still limited descriptions of the nature of the restriction. 
Meanwhile, the genuine difficulties in predicting the yield of nutrients and 
energy of feeds for ruminants still confront the animal scientist.
Nevertheless, as an aid to understanding the response of an animal to any 
feed restriction, idealised predictions may be generated from a theory derived 
from Waters' rules fo r resource partitioning and the description of the 
allowance's firs t l im iting resource.
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3.3.1 A Model to Predict Protein and Lipid Gain under Restricted Feeding 
Conditions.
The five assumptions of the model are:
1) that the lamb puts a priority on its g rowth  of protein.
2) that the lamb is capable of mobilis ing lipid in periods of energy shortage.
3) that the tw o  feed variables of consequence are the ratio of the first 
l im iting nutrient: energy and the rate of supply of the feed.
4) that the nutrient: energy ratio of a feed is independent of feed 
allowance.13
5) that the lamb may always be therm ally  neutral.
3.3.1.1 Allowances of a Balanced Feed
Suppose that a lamb is given a feed A which is balance:', in terms of its 
f irs t l im iting nutrient and ME content. By the defin it ion given in Chap. II, ad 
lib itu m  intake of feed A (Flaj) allows the lamb to grow at its potential rate (p") 
and lay down lipid at its desired rate (I ) wh ils t remaining thermally neutral (Fig. 
3.1).
i) When an allowance of feed A, less than ad libitum, is offered to the lamb
a) nutrient supply will fall below the requirement for p and protein growth 
will be reduced according to the efficiency with which the nutrient supply is 
used.
b) energy supply wil l fall below the requirement for f .  Lipid gain will be 
dependent on the amount of energy available to the lamb after the expenditure 
of energy in the storage and synthesis of the limited protein gain. Rate of lipid 
gain will be a function of the energy cost of lipid storage and synthesis.
1 3 In Chap. II, reasons for dismissing, at the outset, such an assumption for ruminants, part icu lar ly  
in relation to prote in supply, were considered. However, this model persists in the a t tem p t to 
d raw  a d is tinct ion between concepts wh ich  apply to animals  (e.g. parti t ion ing rules) and those 
wh ich  apply to feeds (e.g. nutrient: energy ratio) w i th  the aim of de term in ing w he the r
manipula tion of body composit ion in sheep is possible, in theory, before seeking ways of 
achieving it.
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Fig. 3.1 Predicted Protein and Lipid 
Retention on Al lowances of 
a Balanced Feed
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2) When an allowance of feed A no longer supports lipid gain
a) nutrient supply may still perm it a limited protein gain
b) lipid gain will be dependent on the amount of energy required to
supplement the expenditure of energy In the storage and synthesis of the 
protein gain. Rate of lipid gain will be a function of energy supplied from 
mobilised lipid.
3) When an allowance of feed A no longer supplies suffic ient nutrient for
protein gain, lipid gain will be dependent on the energy available to the lamb
after the expenditure of the energy for maintenance less the energy derived 
from mobilised protein. Rate of lipid gain will be a function of the energy 
supplied from mobilised lipid.
3.3.1.2 Allowances of an Imbalanced (nutrient-poor) Feed
Suppose that the lamb Is now given a feed B which has the same ME 
content as feed A but a much lower nutrient: energy ratio (Fig. 3.2). A d  lib itu m  
access to feed B will a llow the lamb to grow  at its potential rate (p") but, in 
order to acquire suffic ient nutr ient for growth, it must consume energy excess 
to its requirement fo r  desired lipid gain (f) .  The lamb will therefore use the 
excess energy intake to synthesise and store surplus lipid.
1) When an allowance of feed B, less than ad libitum, Is offered to the lamb
a) nutrient supply will fall below the requirement for p ’ and protein growth 
will be reduced according to the efficiency with which the nutrient supply is 
used.
b) lipid gain will be dependent on the amount of energy available to the 
lamb after the expenditure of energy in the storage and synthesis of the limited 
protein gain. Rate of lipid gain will be a function of the energy cost of lipid 
storage and synthesis.
2) When an allowance of feed B no longer supplies suffic ient nutrient for 
protein gain, lipid gain will be dependent on the energy available to the lamb 
after the expenditure of energy fo r maintenance less the energy derived from 







































































lipid storage and synthesis.
3) When an allowance of feed B no longer supports lipid gain, lipid gain will 
be dependent on the energy available to the lamb after the expenditure of 
energy fo r maintenance less the energy derived from mobilised protein. Rate of 
lipid gain will be a function of the energy supplied from mobilised lipid.
3.3.1.3 Allowances of an Imbalanced (nutrient-rich) Feed
Suppose that the lamb is now given a feed C, which has the same ME 
content as feed A,but a much higher nutrient: energy ratio (Fig. 3.3). A d lib itu m  
access to feed C allows the lamb to grow at Its potential rate (p ) and lay
down lipid at its desired rate (I*), but the lamb must tolerate excess nutrient
intake.
1) When an allowance of feed C below ad lib itu m  is offered to the lamb
a) nutrient supply w il l remain adequate to support the potential rate of 
protein gain, p*.
b) energy supply will fall below the requirement fo r f .  Lipid gain will be 
dependent on the amount of energy available to the lamb after the expenditure 
of energy in the storage and synthesis of the non-l im ited  protein gain. Rate of 
lipid gain will be a function of the energy cost of lipid storage and synthesis.
2) When an allowance of feed C no longer supports lipid gain
a) nutrient supply may still permit p .
b) lipid gain will be dependent on the amount of energy available to the
lamb after the expenditure of energy in the storage and synthesis of the
non-lim ited  protein gain. Rate of lipid gain will be a function of the energy 
supplied from mobilised lipid.
3) When an allowance of feed C no longer supplies suffic ient nutrient fo r p"
a) protein growth will be reduced according to the efficiency with which the
nutrient supply is used.
b) lipid gain will be dependent on the amount of energy available to the
122
Fig. 3.3 Predicted Protein and Lipid 
Retention on Allowances of 
an Imbalanced (nu t r ien t—rich) 
Feed
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lamb after the expenditure of energy in the storage and synthesis of the limited 
protein gain. Rate of lipid gain will be a function of the energy supplied from 
mobilised lipid.
4) When an allowance of feed C no longer supplies sufficient nutrient for 
protein gain, lipid gain will be dependent on the energy for maintenance less 
the energy derived from mobilised protein. Rate of lipid gain will be a function 
of the energy supplied from the mobilised lipid.
The model generates a number of predictions which could be useful as a 
guide to understanding the measured responses of lambs to limiting conditions. 
Restricted allowances of the balanced feed A (Fig. 3.1) cause the lamb to grow 
protein below p and lipid gain below I". A llowances of the nu tr ien t-poor feed B 
(Fig.3.2) cause the lamb to grow protein at a limited rate, but lipid gain may be 
faster (point f), equal to (point e) or s lower than (point s) the desired rate f .
Furthermore, the lipid: protein ratio of the gain on feed B will always be greater
than the desired ratio. Flowever, it will be noted that in the example chosen, 
feed B is grossly imbalanced since at the point of protein maintenance lipid 
retention is positive (point I) and ad lib itum  intake of feed B is much higher 
than that for feed A. Most imbalanced feeds offered to lambs would not be so 
extreme. In these cases, allowances of the feed may still cause the lamb to
* rgain lipid faster than I but the lipid: protein ratio of the gain will fall. Finally,
some allowances of the nu tr ien t-r ich  feed C (Fig. 3.3) have the unique feature
of supporting rates of lipid gain less than its desired rate, whilst permitting the 
lamb to grow protein at its potential rate, p .
The deductions from the theory therefore lead to the expectation that the 
data of published restricted feeding experiments, should all the conditions of 
the model be met, will belong to one of four kinds. A useful index for 
d istinguishing the categories is to compare the response of restricted animals 
in terms of both protein growth rate and lipid: protein ratio of the empty body 
to that of animals grown at their potential rate with their desired body 
composit ion (see Chapter I). Thence, the four types of response become:
(i) when p ro te in  g ro w th  rate is lim ited  and the lipid: protein ratio of the 
em p ty -body  is greater than desired.
(ii) when p ro te in  g ro w th  rate is lim ited  and the lipid: protein ratio of the 
em p ty -body  is equal to that desired.
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(iii) when p ro te in  g ro w th  rate is lim ite d  and the lipid: protein ratio of the 
em p ty -body  is less than desired.
(iv) when p ro te in  g ro w th  rate is n o n -lim ite d  and the lipid: protein ratio or 
em p ty -body  is less than desired.
The value of this theoretical framework is now determined by experimental 
test using existing data in the literature.
3.3.2 Case I -  Protein growth rate limited; lipid: protein ratio greater than 
that desired.
Andrews and Orskov (1970a,b) fed each of five feeds, with different crude 
protein contents (100,125, 150, 175 and 200g crude protein/kg) at one of three 
levels (low, medium and high, the latter being close to ad l ib itum ) to lambs of 
15kg liveweight. Lambs on the medium allowance of the 100 and 125g CP/kg 
feeds had slower gains of protein, and had higher lipid: protein ratios, at the 
same protein weight, than lambs fed on the high allowance of the 175 and 
200g CP/kg feeds. However, neither of the low -p ro te in  feeds used in the 
experiment were imbalanced enough in terms of protein: energy ratio to meet 
the conditions of the model. The outcomes of the experiment therefore 
undermine the assumption that protein: energy ratio of a feed fo r ruminants is 
independent of feeding level.
A second example of this type of outcome is found in the experiment of 
Meyer and Clawson (1964). Lambs, at an initial l iveweight of 35kg (5.2kg 
protein) were offered a single feed containing 160g crude prote in/kg either ad 
lib itu m  or at 0.84, 0.68, 0.52, or 0.36 of ad lib itu m  The lambs fed ad lib itu m  
gained protein at a rate of 19g/day, wh ils t lambs on the 0.84 treatment, in the 
same period, gained protein at 4.8g/day. The lipid: protein ratio at 5.4kg 
protein we ight was 1.15 and 1.39 for the ad lib itum  and 0.84 treatments 
respectively.
3.3.3 Case II -  Protein growth rate limited; lipid: protein ratio equal to that 
desired.
The feeds and methods of restriction in the papers of Reid (1968), Burton 
and Reid (1969), Andrews and Orskov (1970) and Searle and Graham (1982)
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reduced the protein growth rate of the restricted lambs compared w ith  ad 
lib itum  or be tte r-fed  controls but did not alter the lipid: protein ratio of the 
em pty -body  at the same body protein weight. Paisson and Verges (1952), 
Morgan and Owen (1972a) Kemp et at (1976) and Murray and Slezaceck (1976) 
published similar results in terms of the ratio of carcase fat to carcase muscle, 
and rates of carcase muscle deposition.
The slower grow ing lambs in each of these cases could have been limited 
by nutrient supply in their growth of protein, and the energy consumed surplus 
to their requirements for maintenance and growth would then have been 
suffic ient during the restriction period, up to the point of slaughter, to support 
a net gain of fat giving a similar lipid: protein ratio to the faster growing lambs 
at the same we ight of protein. Doubts over the assumption that nutrient: 
energy ratio is not affected by feed restriction could also partially explain these 
outcomes.
Such findings have lent support to the opinion that the body composit ion of 
sheep cannot be altered by a feed restriction. In the context of the present 
review, this conclusion shows itself to have been deduced from the outcome of 
a particular case of the set of possible types of feed restriction.
A knowledge of the path of g rowth  and fattening of a sheep in fu lf i l lm ent of 
its inherited g row th-p lan , as described in Chap. I, indicates a number of 
circumstances which promote the possibil ity of a feed restriction failing to 
affect body composition. The experiments quoted above failed to shift 
substantially the lipid: protein ratios of the restricted sheep but took as their 
subject, w ith the exception of Burton and Reid, lambs which did not exceed 4kg 
of body protein, or 8kg of carcase muscle. The desired pattern of fattening 
lambs (Chap. I) showed that it is only beyond protein weights of about 4kg that 
the lamb's gain of lipid is most appreciable relative to its protein growth. It is 
therefore a weak test of the theory that body composit ion is not affected by 
feed restriction to take lambs of less than 4kg protein weight, impose mediocre 
feed restrictions upon them and then pronounce that the theory is supported 
by the statistica lly non-s ign if icant data. The numbers of lambs and the 
severity and length of treatments used in experiments ought to be suffic ient to 
permit potential treatment effects to show despite the natural variation w ith in  a 
breed and the disadvantage of small litter size in sheep. In this way, the 
possibil ity that a feed restriction does influence the body composit ion of lambs
could be sternly tested, in principle, before deciding whether the effect is 
achieveable under commercial conditions or of economic significance.
3.3.4 Case III -  Protein growth rate limited; lipid: protein ratio less than that 
desired.
The thorough investigation made by Andrews and Orskov (1970a,b) provides 
further published data with which to test the idea that certain allowances 
decrease both the protein growth rate and the lipid: protein ratio of lambs.
In the medium treatments of the 175g and 200g CP/kg feeds offered rates 
of protein retention were s lower than those for the lambs fed close to ad 
lib itum  on the 200g CP/kg feed. At the 40kg slaughter point, the two restricted 
treatments quoted had lower, but probably not s ignificantly lower, lipid: protein 
ratios than the ad lib itum  led lambs.
Boccard and Duplan (1961) showed a similar effect in lamb growth and 
body composit ion from birth to 35kg liveweight between the ir high growth rate 
treatment group (350g/day) and their low growth rate treatment group 
(250g/day) but did not carry out a serial slaughter study which leaves the 
results d iff icult to interpret.
Beyond the evidence for this effect on sheep, the classical studies of 
McMeekan (1940), on pigs, may be cited as an example of a reduced muscle 
growth rate with depleted fat: lean ratio fo l low ing a feed restriction.
McMeekan's 'low -p lane ' pigs were fed in such a way to show these responses 
compared w ith  'h igh-plane' [ad  lib itu m  led) pigs.
3.3.5 Case IV -  Protein growth rate non-limited; lipid: protein ratio less than 
that desired.
Confirmation of this proposition would be of importance to animal 
production, in that it offers the possibil ity that lambs may be reared under 
feeding regimes which allow maximum protein growth rate to be achieved, 
thereby minim ising the maintenance cost of production, wh ils t avoiding the 
deposition of excess, unwanted fat, penalised financially under current market 
conditions (Croston and Pollott, 1985).
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Unfortunately, there is only one reference in the literature to support this 
expectation of the theory. The paper of Lloyd et at (1985) reported that Suffolk 
X Greyface wether lambs offered 1kg/day of a feed supplying 140gCP and 11.2 
MJME reduced their rate of lipid gain w ithout lim iting their rate of protein 
growth. However, it is not doubted that animals can become less fat, as 
il lustrated in the sheep by ram 8667 of Blaxter, et a/ [ 1982) which had 0.5kg of 
lipid at a protein we ight of 9.22kg. Fully-fed counterparts had over 40kg more 
lipid at the same protein weight. However, the path by which this body state 
was reached had not been recorded by comparative slaughter or nitrogen 
balance techniques. It cannot, therefore, be used as evidence to support the 
theory.
Such a substantial discrepancy between a theory and its associated facts 
provides grounds on which to challenge the validity of the theory.
Nevertheless, the theory has stipulated that the allowance be non- l im it ing  in 
nutrients, which prompts enquiry into the manner in which feed restrictions 
have been most com m only  brought about in the published experiments.
In the experiments reported by Meyer and Clawson (1964), Burton and Reid
(1969), Andrews and Orskov (1970), Morgan and Owen (1972) and Drew and 
Reid (1975) the feeding scale used was one which varied as the animals
increased in liveweight. Therefore, it is d ifficult to decide whether and when a 
nutr ient was lim iting to growth.
McMeekan (1940), Palsson and Verges (1952) and Murray and Slezaceck 
(1976) fed some of their animals on 'h igh-plane' treatments in which the 
quantities of nutrients in the feed were shown to be adequate to support high 
rates of muscle gain. The 'low -p lane ' treatments were implemented by offering 
a smaller quantity of the same feed given to the 'h igh-p lane ' animals. 
Consequently, the low-p lane animals received not only a lower energy 
allowance but were also limited in nutrient supply. If protein growth is to 
proceed at its maximum rate when the animal is given a feed allowance, the 
nutr ient content of the feed must be made suffic iently high, which may involve
the feed having an abnormal composition, to ensure an adequate supply even
from small allowances. The difficulties of predicting the protein yield of feed 
allowances for ruminants has been discussed previously and remains a problem 
in this context.
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3.4 C om m ents  on the Design of Restr ic ted  Feeding Exper im ents
The lim itations mentioned in the method of testing key propositions in the 
theory of the growth of animals when poorly fed encourage a search for a 
more rigorous design for restricted feeding experiments. The inquiry takes as a 
guide the ideas proposed by Parks (1982) and Taylor, Turner and Young (1981) 
but begins by addressing the contrasting relationship between the rate of feed 
intake and the state of the animal in restricted and ad lib itu m  feeding 
experiments.
It was proposed in Chapter II that the ad lib itum  feed intake of an animal 
arises from the desire of that animal to fulfi ll its growth-plan. The desired rate 
of feed intake was asserted to be dependent on the size and state of the 
animal. The achieved, ad lib itum  feed intake was then a product of the desired 
feed intake and the character of the feed in terms of its nutrient balance, its 
bulkiness and its toxicity.
When an animal is restricted in its feed intake, the desired feed intake can 
no longer be satisfied, and the view has been adopted that the animal 
partitions the nutrient and energy resources which it receives according to 
certain rules. The growth of the animal in this instance becomes dependent on 
the nature of the feed allowance, that is, the rate of feed intake.
If feed intake in a restricted feeding situation is looked upon as an 
independent variable, it fo l lows that an acceptable design for a restricted 
feeding experiment should allow feed intake to be a quantity which is easily 
reckoned and which has the same magnitude for individuals on a given 
treatment. Experiments which adjust feed intake fo r the individual, according to 
a scale of liveweight, fail on both accounts. The response to a feed restriction 
in terms of the dependent variable, growth, is not strictly comparable between 
individuals within a treatment let alone between treatment groups, when the 
independent variable, feed intake, differs for each individual in the experiment.
One way to avoid such difficulties in design is to offer the feed allowance 
to  the animal at a fixed rate, as was done in the work of Searle, Graham and 
O'Callaghan (1972) and Thompson and Parks (1983), to which an added 
refinement is to allow the animal to enter the period of restriction in its 
desired state, by giving the allowance to the animal before the ad lib itu m  feed
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intake exceeds that of the restriction (Taylor et a/,1981). These workers also 
suggested that the same quantity of any amount of feed refused by an 
individual during, say, a period of illness, should be given back at a later date 
in order to make the total feed intake exactly equal for animals on a single 
treatment. The style of such a design is represented graphically in Fig. 3.4.
According to the nature of the allowance, the animal is expected to respond 
in one of the four ways outlined above. Up to the moment of feed restriction 
(t-] or t2, Fig 3.4) the allowance was supplying at least enough nutrient to 
support the potential for growth. Once under a restriction in feed supply, the 
animal, depending on its size, m ight past f irstly through a phase of lipid 
retention until the energy yield of the allowance becomes lim iting to growth, at 
which point the animal begins to lose lipid. In time the animal is expected to 
lose all its reserves of lipid in order to augment its energy supply fo r growth. 
When the animal has no more lipid reserves and growth has ceased because it 
is lim ited by energy supply, the allowance maintains the animal in the lip id -free  
state which is known as an immature equilibrium weight (Taylor et a I, 1981).
An important feature of the feed intake at an immature equilibrium is that it 
reflects, by definition, the maintenance requirement of an animal at a given 
degree of maturity, Pt/Pm. Consequently, Taylor used this method with cattle to 
determine that the relationship between degree of maturity and rate of feed 
intake is described by a simple linear function. Parks (1982) then described the 
boundaries of the relationships between degree of maturity (u) and the rate of 
feed intake (dF/dt) in what he called the Growth Phase Plane (GPP), presented 
in Fig. 3.5 where the passage of t ime is implicit.
The plane is bisected by Taylor's Diagonal, which shows the linear 
relationship between u and maintenance dF/dt on a given feed. Above the
Diagonal lies the region of feed allowances which leave the animal in a state of
A
semi-starvation. The y-axis represents complete starvation at any degree of 
maturity (Fig. 3.5). The response of an animal to very poor feeding has not 
been addressed in this Chapter and whilst it may be of importance fo r animal 
production in countries which experience extremes of climate to answer the 
scientific questions raised by submaintenance feeding, the occasion of 
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Below the-Diagonal the animal is eating above its maintenance level, and is 
either restrained (line R) by feed restr ict ion or by feed constraint, or not (line 
AL) from meeting its ad lib itu m  feed requirement. Above the AL line is the 
domain of forced-feed ing  experiments which are judged to yield no valuable 
insight into the natural behaviour of animals. Within the boundaries of 
restricted feeding experiments, the GPP il lustrates how animals, given fixed 
rates of feed intake (f1; f2) below C, the mature rate of feed intake, gradually 
acquire immature equilibrium weights (W1; W2 respectively). Such experiments 
are deemed to provide data which are readily analysable and comprehensible in 
the light of a suitable theory.
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3.5 Exper im ent  IV : A Tes t  of the Theory  of G rowth  under  
Restr ic ted Feeding Condit ions
3.5.1 Objectives
The chief purpose of this experiment was to provide the feeding conditions 
considered to be necessary for a categorical test of the assertion (3.3.5) that 
there is a set of feed restrictions which allows a lamb to grow protein at a 
non-l im ited  rate whils t gaining lipid below its desired rate. The opportun ity  
was also taken to re-examine other areas of the theory, particularly the 
proposition that protein growth rate can be slowed w ithou t in fluencing the 
lipid: protein ratio.
3.5.2 Propositions
The experimental propositions fell into three categories according to 
whether (a) the feed was offered ad libitum, (b) the energy allowance was f irs t 
lim iting to desired lipid gain or (c) the protein allowance was firs t l im iting to 
growth.
Propositions [1(A) -  3(A)]
Lambs given ad lib itum  access to a single feed which is not f irs t l im iting in 
a nutrient (protein) will:
P1(A): grow protein at the rate of the ir potential
P2(A): gain lipid at their desired rate. Hence their lipid: protein ratio will be
the desired ratio.
P3(A): maintain the form of the lip id -free  empty body in accordance with 
their inheritance.
Propositions [1(B) -  7(B)]
Lambs given a restricted allowance which provides enough protein to
suport non-lim ited  growth will allocate their scarce energy resource to:
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P1 (B): grow protein at the rate of their potential.
P2(B): gain lipid at a rate determined by the energy yield of the allowance
and the energy requirements fo r maintenance and growth. Consequently, the 
lipid: protein ratio will fall below the desired level.
P3(B): maintain the form of the lip id -free  empty body (excluding
feed-processing organs and g u t—fill) in accordance with their inheritance.
P4(B): show a smaller increase in their feed-processing organs (stomachs, 
intestines and liver) :muscle ratio than fu l ly - fed  counterparts.
P5(B): show a smaller increase in their g u t—fill: muscle ratio than fu l ly -fed
counterparts.
P6(B): gain liveweight at a s lower rate and have a lower feed conversion 
ratio (g feed intake per g gain) than fu l ly - fed  counterparts.
Propositions [1(C) -  7(C)]
Lambs given a restricted allowance which provides insuffic ient protein to
support non-l im ited  growth, wil l allocate their scarce protein resource to:
P1(C): grow protein at the fastest rate permitted by the allowance of
protein. This rate of g rowth will be below the potential rate.
P2(C): gain lipid at a rate determined by the energy yield of the allowance 
and the energy requirements for maintenance and (the restricted) g row th  of 
protein, i.e. the lipid: protein ratio need not fall below the desired level.
P3(C): maintain the major form of the lip id -free  empty body.
P4(C): show a slower increase in their feed processing organs (FPO): muscle 
ratio.
P5(C): show a slower increase in their gu t—fill (GF): muscle ratio.
P6(C) gain liveweight at a slower rate and have a higher feed conversion 
ratio than those not f irst l im iting in a nutrient.
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3.5.3 M ater ia ls  and M e thods
Feeds Two pelleted feeds were designed to have different crude protein 
(CP) contents and to have similar yields of metabolisable energy (ME). 
Consequently, feed LP, contain ing 140g CP/kg freshweight (FW) and feed HP, 
containing 220g CP/kg FW, were formulated using barley, maize, soya bean 
meal and hay (Table 3.1) so as to have similar ME yields of 11.7 and 11.9 MJ/kg 
FW respectively. The chemical analysis of the two feeds Is given in Table 3.2. 
To ensure a daily supply of minerals and vitamins, a proprietary 14 sheep 
mineral mix was fed separately to the lambs (see Management).
Animals Seventy-three Scottish 8lackface wether lambs, which had a mean 
b irthwelght of 3.8kg (s.d 1.7) were abruptly weaned at an average age of 51 
days (s.d. 4). The lambs had been reared as tw ins on the ir dams. The latter had 
been in receipt of a predominantly ryegrass sward with a height in excess of 
5cm, throughout lactation. The mean weaning liveweight (LW) of the lambs 
was 18.2kg (s.d. 2.2). The average growth rate from birth to weaning had 
therefore been 281g/day (s.d. 33)
Management The lambs were housed in a naturally ventilated, slatted shed. 
Each lamb was penned individually. The f luorescent lighting of the shed was 
scheduled to augment natural light so as to give no less than 20 hours of light 
to the lambs from m idsummer onwards. The liveweight of the lambs was 
recorded tw ice  weekly at 1300h on an Avery mechanical weighing platform 
(100kg X 0.2kg). The allowances of feeds and minerals, weighed on a Avery 
mechanical balance (2kg X 5g) were administered to the lamb daily 
commencing at 800h. Refusals were recorded on Mondays, Wednesdays and 
Fridays. It was not possible to record spillage losses but these had not been 
observed to be appreciable In previous experiments under similar conditions. 
An equivalent weight of fresh feed to that refused by the lambs on the 
restricted allowances was given back as soon after the day of refusal as 
possible, usually a day or tw o  later. The lambs given feed AL were always 
provided with enough feed to ensure a refusal of 10-15%. These lambs were 
also given free access to the mineral supplement In a separate trough which
^4 Colborn Dawes Intensive Sheep Mineral and Trace Element Mix ( low magnesium and low  
phosphorous content).
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Table 3.1 The Composition of the Feeds (g/kg freshweight) in Experiment 4
Ingredient"!" Feed LP Feed HP
Hay 150 150
Soya bean meal 110 330
Flaked maize 340 220
Ground barley 350 250
Molasses 50 50
1000 1000
t  vitamins and minerals fed separately
Table 3.2 The Chemical Analysis of the Feeds (g/kg freshweight) in Experiment 4
Constituent Feed LP Feed HP
Crude protein (CP) 147 224
Crude fibre 86 91
Ether extract .24 22
Ash 35 44
Dry matter 872 872
Metabolisable"!" energy (MJ) 11.7 11
t  calculated from feed tables
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was replenished daily.
Design Each feed was offered ad lib itu m  (AL) and at fixed, daily rates of 
1.2kg and 0.8kg FW. By this method, it was possible to measure the response 
to a comprehensive set of in ter-re la ted allowances (Table 3.3).
Slaughter Schedule The slaughter schedule was designed to yield maximum 
information concerning changes in liveweight composit ion by spreading the 
slaughterings over a wide range of l iveweights instead of providing fewer, 
more precise estimates at a fixed point. Such a dispersed design suited the 
recommended method of a llometric analysis (Chap.1) since all the body 
composit ion data contr ibute  to the tests of linearity in the relationship and of 
closeness to the expectation.
An initial slaughter group of 6 lambs included the heaviest and lightest 
lamb from the experimental population and four others, picked at random from 
four we ight categories to represent the range of liveweights between the two 
extremes.15 Thereafter, lambs were slaughtered at 5kg intervals up to a final 
l iveweight (dependent on the treatment) no more than 200 days from the 
beginning of the experiment. The schedule is given in Table 3.4.
Slaughter and Physical Dissection Procedures When a lamb reached a 
liveweight close to its intended slaughter wieght, it was weighed daily until its 
l iveweight was with in 0.5kg of target for tw o  days consecutively. Provision for 
its slaughter was then made the fo l low ing day.
On the day of slaughter, the lamb was fed as usual, then shorn 
m id -m orn ing  and the weight of wool recorded. At 1245h (as close to the usual 
weighing time as possible) the lamb was weighed and transported immediately 
to the slaughtering facilit ies one mile distant.
The lamb was stunned with a shot from a captive bolt pistol, and the blood 
vessels of the neck severed. The draining blood was collected. The lamb's 
body was then dissected into the fo l low ing components:
— head
The purpose of this exercise was to acquire the w idest possible data source for estimating 
in it ia l body composit ion in the test lambs from regression analysis of components on l iveweight 
of the intial s laughter group.
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Table 3.3 The Design of Experiment 4
Treatment n Feed allowance 
(kg/day)






6 - - - -
T1 8* ad libitum (AL) HP non-limiting
T2 8* ad libitum (AL) LP non-limiting
T3 12 1.2 HP 269 14.3
T4 131 1.2 LP 176 14.0
T5 14+ 0.8 HP 179 9.5
T6 12 0.8 LP 118 9.4
total 73
* 4 male-male twins from same dam 






















































— lungs and trachea 
--liver and gall 
— spleen
—  ret iculo-rumen
—  intestines
— omental and mesenteric fat (caul)
— feet16
— warm carcase (including kidneys)
Organs weighing over 300g were weighed on a Souter Electronic weighing 
platform (12kg X 1g), smaller organs on an Avery weighing scale (500g X 1g). 
The stomachs and intestines were weighed full, stripped of their contents and 
then weighed empty. G ut- f i l l  was calculated by difference.
All non-carcase components, excluding the gu t- f i l l  and horns were placed 
in a double sealed plastic bag and stored at -20°C.The warm carcase, half of 
which was to be jointed and dissected into muscle, bone and fat, and half used 
for chemical analysis, was chilled at 4°C and dissected within two days.
Dissection of the Cold Carcase The cold carcase of the lamb was split, and 
the left side jointed and dissected in accordance with the guidelines set by the 
Meat and Livestock Commission fo r retail jo inting and tissue separation (see 
Appendix E). The dissection provided measurements of muscle, bone, 
sub-cutaneous, in termuscular and kidney knob and channel (perirenal) fat 
tissues in commercia l jo in ts of carcase.
Chemical Analysis of the Cold Carcase and Non-carcase Fractions The right 
(undissected) side of the carcase and the non-carcase fractions were prepared 
separately for chemical analysis. Two homogeneous 200g samples of both 
fractions for each sheep were obtained by a preliminary crushing through a 
prebreaker (Henry Balfour & Co. Ltd.) fo llowed by two passes through a 
Wolfking mincer, fitted with a 10mm and then a 5mm plate.
\
1 0
Forelimbs cut at metacarpal and hindlimbs at metatarsal joints.
A lim itation in the laboratory facilit ies available meant that individual 
samples fo r both fractions could not be accepted as planned. Consequently, it 
was decided to pool samples from individuals of the same treatment which 
were slaughtered at the same liveweight. The identification numbers of the
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pooled lamb samples are given in Appendix F. The pooled carcase and pooled 
non-carcase sample for each lam b-pair was obtained by proportionate 
sub-sam pling of the original individual carcase or non-carcase sample 
according to the weight of the fraction. This procedure ensured a 
representative sample for the lamb pairs.
The samples were taken to the laboratory for analysis of
(i) dry matter by drying to constant weight at 105°C, and in the dry matter
(ii) n itrogen content by a macro Kjehldahl procedure with crude protein 
calculated as 6.25 X nitrogen.
(iii) lipid content by Soxhlet extraction with 60-80°C petroleum ether for 8 
hours.
(iv) ash content by burning in a muffle furnace at 600°C to constant weight.
(v) gross energy value by adiabatic bomb calorimetry.
It was only considered necessary to repeat analysis of d ry -m a tte r  on 
samples 1387/1538 and the repeat measures are those used to calculate the 
values of the chemical components in Appendix F.
Method of Data Analysis The reduced number of chemical analyses for 
estimating protein we ight weakened the analysis of the protein growth curve 
when it was calculated directly as protein weight (of an individual In a 
treatment) against time. Each estimate of protein weight stood in isolation 
from the others and, hence, no assessment of possible outliers could be made. 
Estimates of initial protein weight were also prone to error and the pooling of 
samples meant that many points were related.
Consequently, it was suggested that most of these faults would be 
overcome by f it t ing  a smoothing function (chosen for goodness-o f- f i t )  fo r each 
treatm ent to the data on the graph of protein content of the LW at a LW. The 
w ork  of Blaxter et a! (1982) gave reason to expect that the relationship fo r ad 
lib itu m  fed lambs would be a simple power function of LW, that is LW” 0'25. 
With the restricted animals, however, no particular relationship was anticipated 
and so a bes t- f i t  polynomial was to be used to describe the data. Then, from 
a knowledge of both initial and slaughter LW, protein weight could be
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back-calculated, transformed by the rearranged Gompertz equation (Chap. I) 
and the rate parameter, B, for each individual estimated using the known time 
to slaughter. The method of LW measurement meant that there would be an 
acceptable degree of certainty in the accuracy of these values.
3.5.4 Results
The data from three lambs have been excluded. Lamb 8 on treatment 6 died
in week 2 because it failed to eat. Lambs 15 and 69 on treatment 2 had an
p e n 'o A o f
excessively long^feed refusal fo l low ing  the incidence of foo t rot in week 16. 
The data of other lambs kept around tha t period are retained since the 
individuals were either slaughtered before their intended slaughter we ight or 
were unaffacted by the disease.
Since it was a feature of the design that the feed restriction from the 1.2 
treatment should occur at a later time (and thus, higher LW) than from the 0.8 
treatment, the relative severity of the restrictions, compared with ad lib itum  
feed intake, is il lustrated in Fig. 3.6. The ALLP lambs were slower to take to 
the ir feed and tended to have lower feed intakes than ALHP lambs but these 
differences were not significant. Subsequently, the lambs established 
themselves on their treatments as planned. The dip in feed intake in the 
restricted treatments corresponds to the feed refused whilst the lambs had the 
foo t  infection. The same amount of fresh feed, as was refused, was restored in 
subsequent weeks.
P1: Protein Growth Rate The functions used to describe the decreasing 
proportions of protein in the LW of the treatments are given in Fig. 3.7. Using 
the method outlined above, and a Pm value of 7.5kg, estimates of B, the 
Gompertz rate parameter for protein growth, could be calculated and these are 
presented in Table 3.5.
The tw o  AL treatments were not s ignificantly different (p >  0.1) from each 
other and gave, collectively, a B value of 0.0176 which agrees closely w ith the 
B* value fo r muscle growth (0.0173) given in Chap. I, the best estimate available 
of the expected growth rate of these lambs.
The 1.2HP treatment lambs had a B vaiue of 0.010 (s.e. 0.0004) which was 
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Table 3.5 The Effect of treatment on the Estimate of the Gompertz rate parameter (B) for 
Protein Gain
Treatment n B (x10'3) s.e. (x10~3
ALHP 8 10.58 0.44
ALLP 5 9.62 0.24
1.2 HP 12 10.00 0.45
1.2 LP 13 8.03 0.26
0.8 HP 10 5.31 0.48
0.8 LP 11 5.19 0.21
Table 3.6 The Effect of treatment on the Estimate of the Gompertz rate parameter (B) for 
Lipid Gain
Treatment n B (x10'3) s.e. (x 1 0 ' 3 )
ALHP 8 7.49 0.30
ALLP 5 6 . 8 6 0.13
1.2 HP 12 6.14 0.20
1.2 LP 13 5.16 0.18
0.8 HP 10 3.50 0.32
0.8 LP 11 3.38 0.16
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would be similar to that of AL lambs (0.010,s.e. 0.0003). 1.2LP lambs, however,
had a B value of 0.008 (s.e. 0.0003) which was significantly lower (p <  0.001) 
than that of the 1.2HP and AL lambs, which outcome went against expectations.
The 0.8HP lambs also had a B value (0.005, s.e. 0.0005) which was 
significantly lower (p <  0.001) than expected, that is than AL lambs. The B 
value for the growth  of 0.8LP lambs (0.005, s.e. 0.0002) did not differ 
s ignificantly (p >  0.1) from the expectation that it would be slower than 1.2 
and AL lambs. The unexpected depression in growth rate of 0.8HP lambs, 
however, meant that the two 0.8 treatments did not differ significantly (p >  
0 . 1).
P2: Rate of Lipid Gain The known a llometry between lipid and protein in the 
chemical body permitted a similar analysis to the above to be carried out for 
estimating lipid growth rates in the AL lambs. Although the same model would 
not be expected to suit the restricted treatments, it may be fitted as a first 
step to testing if lipid growth rate deviates in the 1.2 and 0.8 treatments from 
that of the AL lambs. Using a mature lipid weight of 32kg estimates of b (the 
rate parameter for the lipid growth curve) were made and are presented in 
Table 3.6.
The b values for lipid gain of the AL lambs were not significantly different 
(p >  0.1) from each other, and had a collective b value of 0.0183 which was 
close to the B' value for protein indicating adherence to the allometric model.
The 1.2HP lambs were expected to have a lower b value for lipid gain than 
AL lambs; their b value of 0.006 (s.e. 0.0007) was significantly lower (p <  0.001) 
than that of the AL lambs. 1.2LP lambs (0.005, s.e. 0.0007) had an unexpectedly 
lower (p <  0.01) b value for lipid gain than 1.2HP lambs, but showed the 
expectedly greater value (p <  0.001) than 0.8HP lambs (0.0.04, s.e. 0.0003). As a 
consequence of their depressed rate of protein growth, 0.8HP lambs did not 
d iffer s ignificantly (p >  0.1) in the ir b value fo r lipid gain than 0.8LP lambs 
(0.003, s.e. 0.0005).
The effect that the relative differences in growth of protein and gain had on 
the ratio of lipid: protein in the lambs is presented graphically in Fig. 3.8 as the 
natural logarithm of lipid we ight against the natural logarithm of protein weight. 
The regression of the AL treatment group had a slope of 2.39 (s.e.0.19) which 
was of a similar form  to that expected from Chap. I.The 1.2HP group (2.28, s.e.
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AL Regression
3.32kg ! ogep r o t e î n  7.38kg
Fîg. 3.8 The Effect  of Feed Restrict ions 
on the Al lometr ic  Relat ionship 
o T between Lipid and Protein in 
s Scott ish Blackface wethers
0
0.11) gave no evidence of a statistically significant (p >  0.1) reduction in their 
lipid: protein ratio compared with the AL group despite the recorded
differences in the b value for lipid gain. The data points do, however, lie
consistently  below the regression line for the AL lambs, and drift upwards at 
h igher degrees of maturity. The 0.8 treatment group also showed a consistent 
lie beneath the AL standard, and had a significantly lower slope value (p < 
0.01) of 2.04 (s.e. 0.13).
P3: The Form of the L ip id- and Fat-free Empty Body The allometric plot of 
water on protein was used as a first test of the expected similarity between 
treatm ents in the form of the lip id-free empty body. No differences were
found in the a llometric relationships between treatments and the pooled
regression.
In water = 1.48 + 0.866 In protein (s = 0.046)
was not s ignificantly d ifferent (p >  0.25) from the expected relationship of 
Chap. I. Similar analysis of the allometry of the ash component cast doubt on 
the suitability of the samples for ash analysis. Small uncrushed fragments (c. 
5mm) of bone had been present in the sample and had adversely affected the 
accuracy of the measurement. The data are given in Appendix F.
Further analysis of the fa t- free  empty body (FFEB), by allometry on carcase 
muscle, was undertaken. The expectation, and confirmation, that there were no 
s ignificant differences (p >  0.25) between the HP and LP groups with in a 
feeding level permitted the presentation and analysis of the data to proceed 
using pooled AL, pooled 1.2 and pooled 0.8 treatment groups.
The a llometric plots of bone: muscle showed no significant differences (p >
0.1) in slope between AL lambs (0.632, s.e. 0.037), the 1.2 lambs (0.622, s.e.
0.049) or the 0.8 lambs (0.677, s.e. 0.043) and the expectation of 0.694. A 
similar pattern of outcomes applied in the analysis of pluck and feet.
The a llometric plots of head: muscle also showed no significant differences
(p >  0.1) between AL lambs (0.718, s.e 0.051) and the 1.2 lambs (0.686, s.e.
0.045) and the expectation of 0.672. However, the 0.8 treatment group (0.757,s.e. 
0.043) showed that they had a significantly greater (p <  0.05) relative growth 
rate of head than the pooled AL/1.2 lambs.
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Regression analysis of the allometric relationship between pelt (skin + 
fleece) and muscle revealed no significant differences (p >  0.1) between 1.2 
and 0.8 treatments and the expected slope of 1.26, but the AL value was 
significantly lower (p <  0.01). Therefore, within the experiment, both 1.2 (1.28, 
s.e. 0.072) and 0.8 (1.23, s.e. 0.075) treatment groups were shown to have 
s ignificantly greater (p <0.001) relative growth of pelt than AL lambs (0.93,s.e. 
0.084). However, the shearing of the lambs at slaughter permitted a further test 
of whether pelt differences were attributable to differences In wool weight. 
Regression analysis of the allometric relationship between unwashed wool 17 
on body protein disclosed no significant differences (p >  0.1) between 
treatments and a common relationship of the form:
In wool = -2.92 + 2.09 In protein ( s = 0.238 )
P4: Gain of Feed Processing Organs (FPO) In the absence of any anticipated 
form to the relationship between FPO weight and muscle weight, simple linear 
models were favoured after a visual appraisal of the differences between 
treatments, which data are plotted in Fig.3.9. This approach permitted a t - te s t  
of the expectation that the regression of FPO on muscle would have a greater 
slope value in the AL group than in the 1.2 group and, in turn, in the 1.2 group 
than in the 0.8 group. Fig.3.9 illustrates that the experimental outcomes were 
not s ignificantly different (p >  0.1) from the expectations in either case.
P5: Gain of Gut Contents Furthermore, a llometric analysis could not be 
justified in the testing of the expectation that the restricted lambs would have 
lower g u t- f i l l  than AL lambs, and so linear models of gu t- f i l l  regressed on 
muscle we ight were again fitted for the purpose of testing for differences 
between treatments. The finding that 0.8 lambs (slope = 0.25, s.e. 0.01) had a
significantly greater (p <  0.05) weight of gu t- f i l l  at a given degree of maturity
that AL lambs (slope = 0.15, s.e. 0.17) went against expectations.
P6: Liveweight Gain The expected aggregate effect of the component 
differences was that AL lambs would gain LW faster than 1.2 lambs which, in 
turn, would gain LW faster than 0.8 lambs. Fig. 3.10 bears out that these 
differences were actually recorded. The 1.2 treatment groups are represented
17 There was no effect of t reatm ent on the yield of wool after washing; washed wool = 0.7 X 
unwashed wool.
5.0 h Key to Regression Lines
°  (AL) FPO =  2.0 +  0.14M
D (1 .2) FPO =  1.7 +  0 .1 2M
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separately because of the systematic differences in LW gain resulting from the 
reported and unexpected differences in rates of protein and lipid gain.
When the effects of treatment were viewed in terms of the changing 
proportions of component In the LW, some of the previously recorded 
differences were highlighted and others shadowed by this direct, but complex 
form of analysis (Table 3.7). For instance, treatment differences in the 
proportion of FPO (p <  0.001), gu t- f i l l  (p <  0.001) and head (p <  0.001) were 
recorded, but the differences in proportion of pelt disappeared (p >  0.1). The 
composite effects of treatment on the proportion of carcase were significant (p 
<  0.01) largely as a consequence of differences in degree of fatness which 
were highly significant when calculated as a proportion in the LW (p <  0.001) 
or in the carcase (p <  0.01). There were several significant interactions 
indicating that the treatments were responding d ifferently in their proportions 
as LW increased.
Feed Conversion Ratio (FCR) The FCR (g feed intake/gLW gain), calculated 
for the firs t 20kg gain,was not significantly different (p >  0.25) between the 
ALHP lambs (4.0, s.e. 0.4) and the ALLP lambs (4.2, s.e. 0.4). In line with the 
recorded differences in lipid gain, the 1.2HP lambs used less feed fo r the same 
gain (FCR = 3.8, s.e. 0.5) but this difference was not s ignificant (p >  0.1). The 
expected differences in FCR for the 1.2LP and 0.8HP treatments could no longer 
be justified because of the failure of these lambs to attain their potential 
protein growth rate. Consequently, 1.2LP lambs had an FCR of 4.6 (s.e. 0.2) 
which was significantly higher (p <  0.05) than that of the 1.2 HP lambs. 0.8HP 
lambs had an FCR of 5.7 (s.e. 0.3) which was significantly higher than that of 
1.2HP lambs (p <  0.001) but was not significantly different (p >  0.1) from that 
of 0.8LP lambs (FCR = 6.3, s.e. 0.5).
3.5.5 D iscuss ion
The several failures of the theory to predict the actual outcomes of the 
experiment obliged a review of the reasoning behind those predictions and a 
discussion of the methods and measurements carried out. Four main areas of 
disagreement were considered.
(i) The 1.2LP and 0.8HP lambs fa iled to  g ro w  at th e ir p o te n tia l rate. 
Criticism was directed, in this instance, at the formulation and level of
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allowance of the feeds since the ALHP, 1.2HP and ALLP treatments had been 
shown to achieve the potential rate of growth.
r
(a) The two feeds had been formulated in the belief that, despite the 
restricted levels of feeding, the ir crude protein content, derived largely from 
soya bean meal, would have supplied suffic ient protein to support potential 
growth. Since the 1.2HP CP allowance had been adequate, it could be 
concluded that a com ponent of the protein became the first lim iting resource 
in the 0.8HP, and to a lesser extent, the 1.2LP treatments and, therefore, that 
the model's assumption concerning nutrient: energy ratio of restricted
allowances was not tenable in the ruminant. Alternative scales for measuring 
protein were mentioned in Chap. II, and the effect of feeding level on the 
protein supply was indicated in the review above. Since this experiment was 
designed specifically to ensure a similar CP allowance between treatments of 
d ifferent energy allowance, the outcomes would appear to support the idea that 
protein is less available to the ruminant at low levels of feeding.
ti , s
On the assumption tha t a com ponent of the protein was the firs t l im iting 
nutrient, improvements In the design for future tests would include the use of 
a scale which recognises those protein sources known to be more available to 
the lamb, e.g. those which have a lower degradability (ARC, 1984) such as 
fishmeal. Problems could be encountered, however, in keeping energy 
allowances at comparable levels when using these scales. Finally, steps 
towards guaranteeing availability of vitamin and mineral resources could be
made by regular injection of super-adequate quantities into the lambs.
u-*— r _________   • ...
t y \ j  i,»
(ii) The 1.2HP lam bs reduced th e ir lip id : p ro te in  ra tio  but the effect was not 
statist ica lly  significant despite lower rates of lipid gain than AL lambs. The 
problem here appeared to be tw o -fo ld .
(a) There were insuffic ient numbers of lambs on the treatment for the effect
to acquire significance given the apparently high Inherent variability in the Ü
^
fattening characteristics of the genotype. Unfortunately, resources had been
.<C
allocated during the design of the experiment to the now unfulfilled 1.2LP and 
0.8HP treatments.
(b) The allowance of 1.2kg did not impinge on the energy requirements for 
fattening in these lambs until a LW of c.22kg (see Fig. 3.6) and represented a 
super-maintenance allowance for the lambs at maturity, In which case, the
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lambs would never have come to a fa t- free  immature equilibrium. They 
became relatively less restricted as they grew past the degree of maturity of 
maximum desired feed intake (c.42kg from Fig. 3.6).
It is recommended that future tests retain high protein allowances whilst 
decreasing the energy allowance below that of the 1.2HP treatment. Lloyd et ai 
(1985) reported a more extreme effect on lipid: protein ratio by feeding 1kg/day 
of a similar feed to lambs of a higher mature size for which the energy 
restriction was presumably more severe.
(iii) The re s tric te d  lam bs d is to rted  the desired form  o f the FFEB by gaining 
relatively more head and more pelt than the AL lambs. Such effects have been 
reported previously (Palsson and Verges, 1952), but were considered to be open 
to the crit ic ism that unmeasured fatness in the animal could affect the 
allometric analysis and hence exaggerate the departure from normality. This 
crit ic ism remains relevant in the context of the results in this experiment. The 
allometry of head on muscle could be confounded by the significantly lower 
lipid content of the 0.8 lambs. The exclusion of wool from the argument over 
the reason for the higher pelt: muscle ratio in the restricted lambs leaves the 
probable cause as differential fatness in the skin. It is suggested that these 
doubts would most easily be settled by separate chemical analysis of the 
components, a technique favoured by Moulton et ai (1922 and Mitchell et ai 
(1928).
(iv) The res tric ted  iam bs had m ore g u t - f i i i  than AL iambs, the cause of 
which lay in the differences in feeding behaviour between treatments, and the 
shortness of the spell between feeding time and time of slaughter. For 
example, the 0.8 lambs were in the habit of consuming their feed allowance 
w ith in half an hour of receiving it at 800h. Consequently, when slaughtered 5 
hours later, the majority of their gut contents were recently consumed feed 
and water. AL lambs, on the other hand, ate regularly throughout the day and 
would be expected to have a smaller proportion of less digested feeds in their 
stomachs at t ime of slaughter. It is possible that the expected outcome would 
have been recorded had slaughter been carried out before feeding, or the 
allowance offered in several portions throughout the day.
3.5.6 C onc lus ions
The opportun ity  was taken in the discussion to re-examine the Theory of 
Growth under Limiting Conditions. In the light of this enquiry, it may be 
concluded:
(i) that lambs, given an allowance of feed which is not f irst l im iting in a 
nutrient,
(a) put priority on protein growth and hence grow protein at the rate of 
their potential.
(b) gain lipid at a rate determined by the energy yield of the allowance and 
energy requirements fo r maintenance and growth.
(c) may show a smaller increase in lipid: protein ratio than fu l ly -fed  
counterparts.
(d) show a smaller increase in feed-processing organ: muscle ratio that 
fully fed counterparts.
(ii) that lambs, given an allowance which is firs t l im iting in a nutrient,
(a) also give protein growth priority but grow protein at the fastest rate 
permitted by the supply of the first l im iting nutrient.
(b) gain lipid at a rate determined by the energy yield of the allowance and 
the energy requirements for maintenance and the s lower rate of protein 
growth.
(c) show a smaller increase in feed-processing organ: muscle ratio than 
fu l ly - fed  counterparts.
(d) may show a greater increase in pelt: muscle and head: muscle ratios.
CHAPTER 4
GROWTH AFTER THE RESTORATION OF NON-LIMITING CONDITIONS
4.1 Introduction (The Fourth Path to M atu r i ty )
At the outset of his studies on The Capacity of Animals to Grow under
Adverse Conditions', Waters concluded that
an animal that is below the normal in size at a given age, 
through poor nourishment, apparently has the capacity, when 
liberally fed, to compensate for this loss in a measure at least, by 
an increased rate of gain (Waters, 1908).
which he regarded as one of the four ways by which an animal could attain 
maturity. This statement addressed the agriculturally important issue of the 
response of animals to the restoration of non - l im it ing  conditions when they 
had previously been retarded by a feed restriction, that is, the response of 
animals to realimentation.18
Since most wild or extensively reared animals, including sheep, are
commonly liable to a lim itation in their feed supply, animal p roductionists have 
been interested in the nature of growth made by realimented animals, and 
whether the effects of retardation are permanent or recoupable. They required 
to know the effect of a period of restricted feeding on the subsequent
performance of the animal, and the feed needed to support that response. 
Recent surveys have reported that 50 per cent of lowground lambs and 90 per 
cent of hill lambs are not finished off grass at weaning because of low growth  
rates (Speedy, 1980; Lloyd, 1983). Hence the problem of recovery grow th  
remains relevant to the sheep industry today. Furthermore, cattle farmers are 
encouraged by the savings they can make on hard-w on w in te r feeds if it can 
be shown that the animals, fed on restricted planes of nutrition in the winter, 
are not impaired in their spring performance at grass.
Consequently, research into the recovery growth of farm animals has been 
very popular but the variety of responses observed has supported a num ber of 
ad hoc  and often inconsistent theories which only partially explain the
18 In this review, rea limentation w i l l  a lways be taken as the restoration of n o n - l im it in g  cond it ions  
(Chap. II). The principles of the growth  of animals under lim it ing condit ions are found in Chap. III.
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phenomenon. For example, the reviews of Wilson and Osbourn (1960), Allden
(1970) and O'Donovan (1984) called attention to the w idely held belief that 
animals 'compensate' for or 'catch up' the time 'lost', during a phase of 
restricted growth, by subsequently growing faster when realimented. 
Unfortunately, the definition of growth is not standardised between reports, but 
'compensatory grow th ' has been recorded as accelerated liveweight gain as 
well as accelerated protein gain. Some workers take compensatory growth to 
be possible because basal metabolic rate has often been lower in animals after 
a period of underfeeding, in which case accelerated gain would be supported 
by more effic ient feed conversion of a certain voluntary feed intake (Wilson and 
Osbourn, 1960). Two sources of doubt arise over this argument. Firstly, 
measurement of maintenance energy requirement as a function of liveweight is 
made d ifficult by the possible changes in liveweight composit ion under limiting 
conditions. Secondly, the review of Chap. II has provided both theoretical and 
empirical grounds on which to suppose that the animal's actual or 'vo luntary ' 
feed intake will change in relation to the desired feed intake of the first lim iting 
resource. Others view compensatory growth as a phenomenon of the 
physiological age of the animal (that is, it is related to degree of maturity) 
rather than its chronological age (Winchester and Ellis, 1957), but this approach 
does not always account for recovery growth in terms of extra fat gain, which 
is held by many (e.g. Pomeroy, 1955) as the explanation of compensatory gain.
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4.2 A Theory of the G rowth  and Feed Intake of Sheep  a f te r  the  
Restoration of No n - l im i t ing  Conditions.
It is d iff icult to reconcile such a range of opinions when each observation 
depended on the particular theoretical context in which it was made. 
Consequently, the view is invited that the three central ideas which embraced 
the previous chapters, namely, that:
(i) the potential form of the animal and the maximun rate of change in form 
possible, are retained throughout the animal's life in its inheritance (potential 
growth, Chap.I);
(ii) potential growth becomes actual under non- l im it ing  conditions (Chap.II);
(iii) only the form of the fa t- free  empty body is inviolate under l im iting 
conditions (Chap.Ill);
may also prevail in the growth of realimented animals.
The purpose of this review is to use experimental evidence, where 
applicable, to test the theory of recovery growth which arises from the view of 
animals developed through the thesis. The theory predicts that a realimented 
animal, at a given degree of maturity will seek to:
(1) resume the rate of growth known to be its potential (Chap. I), where 
growth is defined as a harmonious maturation of form, best measured by an 
increase in skeletal dimensions or an increase in ash and protein weight.
(2) replenish, if necessary, its fat stores to the level set by its inheritance 
(desired lipid: protein ratio, Chap. I).
(3) increase its feed intake to satisfy the residing, and now released, 
impulse to grow (Chap. II). The necessary conditions and the nature of resource 
partition for the fulfi l lment of this growth impulse remain those outlined in 
Chap. II and Chap. Ill respectively. The concom ittant effects of the increase in 
feed intake are that the animal will:
(4) restitute, if necessary, the capacity and weight of its feed processing 
organs to the size set by its growth-p lan. (Chap.I).
160
(5) increase its we ight of gut contents.
4.2.1 The Retention of the Potential for Growth
The Missouri workers firs t subject in their study of the ability of animals to 
recover from a period of poor feeding was Steer 529 (Moulton et al, 1921). This 
individual was reportedly held at a l iveweight of 200 pounds and a height at 
the withers of 96 centimetres fo r th irteen months before it was permitted to 
eat its feed ad lib itu m  The p lot of the height at the w ithers of Steer 529 is 
shown in Fig. 4.1 compared w ith  the average curve of its continuously, ad 
lib itum  fed counterparts. The growth  check and subsequent recovery of Steer
529 can be seen clearly.
1 I V i  __ ^
,i v. f v
Steer 529 resumed growth at a rate expected for and comparable with that
W - -----------
of other steers of similar kind and size, irrespective of age. In other words, 
growth rate, after the restoration of non - l im it ing  conditions, remained 
dependent on the state of the animal (its degree of maturity) and the direction 
of its impulse for growth (Chap. I). This part of the theory resembles the 
opinions, typified by the conclusions of Winchester and Ellis (1957) which 
regard compensatory growth as a function of physiological age.
In those papers where the data are reported in a form  which permits 
analysis of this kind to be carried out, there was also no clear indication that 
realimented pigs or sheep could better the growth rate of non- l im ited
contemporaries at the same degree of maturity (McMeekan, 1940; Palsson and
Verges, 1952). However, several workers have published data which show an 
accelerated protein gain in, fo r  example, realimented sheep [Reid et al, 1968; 
Keenan, McManus and Freer (1969); McManus, et al (1972); Burton, Anderson
and Reid (1974); Little and Sandland (1975); Drew and Reid (1975); Thornton, et
a l (1979); Tullis (1982)].
Unfortunately, the gain of protein in the feed processing organs was only 
measured separately from the gain of protein in the carcase in the work of 
Tullis (1982), and hence there are considered to be insuffic ient grounds on 
which to support the idea that the realimented animals tru ly grew faster than 



























































4.2.2 The R esto ra tion  o f the  Desired Fatness
The idea that an animal inherits the tendency to seek a certain level of 
fatness was Introduced In Chap. I.The theory posited that, under non- l im it ing  
conditions, the gain of lipid by the animal is related In a definite way to the 
growth of protein. The animal will only deviate from its desired lipid: protein 
ratio when obliged to under limiting, that is, under contralned (Chap. II) or 
restricted (Chap. Ill) feed conditions.
It is now asserted that the animal retains the desire for a certain lipid:
protein ratio after reallmentation, and hence, the subsequent rate of lipid gain 
of the realimented animal Is seen to be dependent on the fatness of the animal 
after the feed restriction has ended. The rate of lipid gain, relative to that of 
continuous ly -fed  counterparts, at the same degree of maturity, will be:
a) fa s te r when the net effect of the restriction Is a lower lipid: protein ratio 
than that desired.
b) s im ila r when the restriction does not change the degree of fatness.
c) s lo w e r when the restriction produces an animal w ith a higher lipid:
protein ratio than that desired.
In an analogous way to section 4.2.1, the rate of fattening is found to be
dependent on the state of the animal (its degree of maturity and degree of
fatness) and the direction of Its impulse to fatten (Chap. I). This part of the 
theory relates to those workers who believed that compensatory gain was 
entirely attr ibutable to extra fat gain (e.g. Pomeroy, 1955). When the literature is 
approached under the guidance of these principles, evidence may be found to 
support each of the three cases:
a) Lipid gain faster than continuously fed sheep
Wilson and Osborne (1960); Meyer and Clawson (1964); Searle and Graham 
(1975); Lawlor, Carroll and Poole (1976).
b) Lipid gain similar to continuously fed sheep.
Searle, Graham and Smith (1979); Thornton, et a i (1979).
c) L ip id  g a ins  lo w e r  than  c o n t in u o u s ly  fed  sheep
Reid, et ai (1968);Keenan, et 5/(1969); McManus, er 3/(1972); Drew and Reid 
(1975); Little and Sandland (1975); Butler-Hogg (1984).
Such a view offers a reply to the authors Thornton, et a / (1979) who wrote:
Literature reports on the body composit ion of sheep which 
have undergone compensatory growth cover a spectrum from 
increased fat...deposition...through to unchanged, to less fat 
deposition...relative to continuously grown controls. These 
find ings cannot be reconciled  and poss ib ly  represent the true  
spectrum  o f find ings  which can result from separate experiments 
on limited numbers of animals with highly variable body 
composit ions under a variety of conditions of nutritional 
restriction and realimentation.
4.2.3 The Increase in Feed Intake
When the animal is permitted to take feed ad lib itu m  after a period of 
restriction, it is held that the feed resources required by the animal are to be 
allocated by the same partitioning rules given in Chaps. II and III, namely, fo r (i) 
maintenance, (ii) protein growth and (iii) lipid gain.
The contribution of the requirement for maintenance (preferably measured 
in relation to protein weight of the animal) and growth to the demand for feed 
will be, in accordance with section 4.2.1 above, the same for realimented and 
continuously-fed  animals, but will be higher, the same or lower for lipid gain in 
relation to the energy required for the responses outlined in section 4.2.2.
The subject of feed intake after realimentation becomes more 
comprehensible when the factors which affect it are ordered in this manner 
and thus the findings in the literature may be analysed with more confidence.
The common observation that realimented sheep eat at a higher rate than 
continuously grown sheep is well documented [Allden, 1968; McManus et ai,
r\
1972; Graham and Searle, 1975; Graham and Searle, 1979], The view is invited 
that the feed intake of realimented animals exceeds or equals that of 
continuously grown animals in accordance with the state of the animal (its 
degree of maturity and of fatness) and the direction of its impulse for growth 
and fattening after restriction, and that the feed intake and feed conversion
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ratios of realimented lambs are entirely explicable in these terms. It is also 
considered that there will be occasions when feed intake is lower for 
realimented animals, at the same degree of maturity, in compliance with Rule 
4.2.2. (c) above. For instance, Graham (1969) recorded that fat sheep ate less 
than unrestricted contro ls at the same degree of maturity. The shortage of data 
on this topic is probably a reflection of the d ifficulty in obtaining an animal 
which is appreciably fatter, than it desires to be, after a feed restriction (See 
Chap. III).
4.2.4 The Constriction of the Feed-processing Organs
The literature furnishes ample evidence to support the idea that realimented 
animals restitute their feed process in organs, in response to the increase load 
of feed, when necessary (Lawrence and Pearce, 1964; Peters, 1967; Keenan, et 
a I, 1969; Winter, et a! 1976; Thornton et at, 1979).
Furthermore, it is contended here that those authors who observed faster
protein gains in realimented animals (section 4.2.1) were, in fact, recording a 
similar restitution of the organs and not any acceleration in true growth. There 
are adequate reasons for suspecting this. Thornton et a l (1979) openly 
attr ibuted the extra gain in protein to a gain in organ protein. Moreover,
Keenan, et al (1969), Butler Hogg (1984), Drew and Reid (1975) Burton et al 
(1974) reported increased water gain in addition to the extra protein gain in 
the ir experiments. It is suggested that this was probably an effect of
rehydration of the gut tissues. Tullis (1982) assigned the accelerated nitrogen 
retention of her realimented pigs to repletion of labile nitrogen reserves.
4.2.5 The Increase in Gut Contents
Under conditions of restricted feeding sheep and other animals are 
expected and known to have lower weights of gut contents than fu l ly - fed  
animals [Mitchell et 3/(1928); Burton et a l {1974); Murray and Slezaceck, (1976)]. 
Concurrent w ith the increase in feed intake after realimentation, the we ight of 
gut contents is therefore expected to rise, and for a time, exceed that of 
continuously fed animals until feed intake rate is equal in the two. Such were 
the findings of Burton et al {1974), Winter et a l (1976), Searle et al (1979) and 
Thornton et a l (1979).
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4.2.6 The Response in L iveweigh t Gain
The fou r-com ponen t theory of the growth  of realimented lambs may now 
be brought to bear on the problem of predicting the response of lambs in 
terms of their liveweight gain. That an understanding of the internal changes 
in the animal is necessary fo r such an understanding has already been called 
for many times (O'Donovan, 1984). The theory presented in this review has 
shown that the task of predicting liveweight responses is only achieveable 
when the fo l low ing in formation about the animal, and its previous restriction, 
are available:
1) the animal type and its potential for g rowth  (Chap. I)
2) the conditions fo r realimentation (non- l im it ing , Chap. II)
3) the degree of maturity of the animal (Pt/P m)
4) the degree of fatness (lipid: protein ratio, Chap. Ill)
5) the weight of the guts (Chap. Ill)
6) the we ight of gut contents (Chap. Ill)
Wilson and Osbourn (1960) made a similar note of the 'factors influencing 
an animal's ability to recover from the effects of undernutrition ' which indicated 
a path through the conflic ting opinions based on liveweight observation. Such 
opinions implied that the animal 'catches up' or 'compensates' for the time lost 
during the restriction because realimented animals make gains in liveweight at 
an accelerated rate compared with continuously fed animals. The liveweight 
data of Steer 529 could be used to support such a view (Fig. 4.2). But when it 
is also known, from the reported data, that the feed intake of Steer 529 
increased faster than fu l ly - fed  controls (presumably for the restoration of fat 
depots); that feed-processing organs and gut contents will increase 
accordingly; and that the skeleton of Steer 529 did not g row any faster than
the controls, any belief In true compensatory growth must be shaken. It is not
denied that some benefits may accrue to the farmer who 'stores' his animals in 
w in te r on low planes of nutrition. He has the opportun ity  to vary the degree of 
fatness in his animals and can feed less of the more expensive w in te r feeds in 




















































is more freely available. But, after taking Into account all the factors 
mentioned, there is a striking lack of evidence to uphold the idea that muscle 
protein growth rate (which is one of the more reliable indicators of growth) is 
accelerated after realimentation.
4.2.7 Ins tances of Failure to  Recover
The earliest Investigators of the response of animals to fu l l- feed ing after a 
period of under-feed ing were as aware of the possibil ity that the animal may
fall to recover as they were that It may 'compensate'. Hence Osborne and
Mendel (1914) felt justif ied in making the conclusion:
It has been shown that the capacity to grow can be retained 
and exercised at periods far beyond the age at which growth 
ordinarily ceases. There seems to be no necessary impairment 
of the individual w ith respect to its ability subsequently to reach 
full size characteristic of the species [but] in prolonged stunting 
the animals may sometimes reach a precarious condition in 
which their v ita lity  may be impaired beyond the possibil ity of 
recovery.
Thus, it may be said that animals recover, in the manner set forth in the 
previous review, on all occasions save after the most stringent restrictions, that 
is the Rules of Recovery Growth apply to growing animals on restricted but not 
sub-m aintenance feeding (Chap. III). 19
In those examples when individuals, which have not been severely
restricted or starved, do not recover in the way predicted, the theory prompts
investigation into the nature of the conditions for reallmentation. The feeds 
must be non- l im it ing  and therefore must comply with the requirements laid 
down in Chap. II. Wilson and Osbourn (1960) noted the influence that method 
of realimentation had on recovery growth. With regard to the ideal energy: 
protein ratio of the feed, this value may be shifted higher or lower during 
recovery, according to whether the animal is seeking to gain more or less lipid 
respectively than it would when continuously fed at the same degree of 
maturity. Osborne and Mendel (1915) expressed the opinion that, in order to 
compare properly the growth of realimented animals with continuously grown
1 q
W ork on the la tter has been favoured by Australian workers (see Aliden, 1970), part icu lar ly  in 
con junct ion w i th  mature ewes, and in this instance, the rules of recovery from starvation may not 
agree to ta l ly  w i th  the theory described above.
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counterparts, conditions must be non-l im it ing  to both groups since:
It should be noted that the resumption of growth has not been 
as perfect in every instance as the typical records have 
presented A pos itive  resu lt in these cases is fa r m ore valuable 
than a fa ilu re  because the latter may arise from a variety of 
extraneous, as well as inherent, causes which we cannot control 
or discover. Osborne and Mendel (1915)
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4.3 Exper im ent  5. A Tes t  of the  Theory  of Recovery Growth
4.3.1 Objectives
The potential for growth, the effect of feed restriction on body composition 
and the proposed general Theory of Recovery Growth were suffic iently well 
described to proceed with a further test of their usefulness in predicting the 
particular response of lambs, restricted in their growth rate from birth to 25kg 
liveweight, to  the restoration of non- l im it ing  conditions.
4.3.2 Propositions
For a prediction of the growth response of a given group of lambs to the 
restoration of non- l im it ing  conditions, the fo l low ing information, about the 
effect of feed restriction on the body composition of the lambs, should be 
available, viz:
a) the degree of fatness.
b) the we ight of the guts.
c) the weight of the gut-contents .
The theory then generated a set of propositions, which hold that, upon 
realimentation:
P1: the lambs will resume muscle growth at the same rate as their 
unrestricted counterparts at comparable degrees of maturity. This rate of 
g rowth will be demonstrably that of their potential.
P2: the lambs will replenish, if necessary, their fat stores to the same fat: 
muscle ratio of their unrestricted counterparts. This fat: muscle ratio will be 
that set by the ir inheritance.
P3: the lambs will increase their rate of feed intake to satisfy the (a) 
residing and now released impulse to grow (muscle) and (b) replenishment, if 
necessary, of the fat reserves.
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P4: the lambs will maintain the form  of the fa t- free  empty body (excluding 
feed-processing organs) In accordance with their inheritance.
P5: the lambs will restitute, If necessary, the capacity and we ight of their 
feed-processing organs (FPO) to accommodate the increased feed Intake.
P6: the lambs will increase the ir  we ight of gut contents.
P7: the lambs may surpass the liveweight gain of the ir unrestricted 
counterparts, for a period, as a consequence of the ir extra gains in fat, gut and 
gu t- f i l l  components. Any differences in feed conversion ratio will be accounted 
for by differences in the com pos it ion  of the liveweight gain.
4.3.3 Materials and Methods
Animals Two groups of male Scottish Blackface (SBF) lambs were selected 
on the basis of sim ilar maternal t rea tm ent and similar b ir thweight [group 1 
(n=20), 3.71 (s.d. 0.37)kg; group 2 (n = 18), 3.87 (s.d. 0.36)kg; difference, n.s.] All 
the lambs were castrated w ith in 24 hours of birth..
Feeds Each group of lambs was reared as one of a tw in on ewes which 
were given access to a paddock consisting of a predominantly ryegrass sward. 
No supplementary feed was offered either to ewes or to lambs at grass. The 
composition and feeding value of the pelleted feed (F) offered to the weaned 
lambs is given in Tables 4.1 and 4.2. The feed was formulated to provide a 
non-l im it ing  nutrient: energy ratio when offered to the lambs ad libitum.
Management The lambs were individually penned at weaning in a naturally 
ventilated earth-f loored shed. Sawdust was provided as non-nu tr it ious  
bedding. The lighting schedule was also fixed to give no less than 20 hours of 
light to the lambs. The LW of the lambs was recorded on five occasions (UR) 
and eight occasions (R), in the field, w ith  a Poldenvale portable sheep weighing 
crate (100kg X 0.5kg). From 25kg LW, the lambs were weighed every Tuesday at 
1300h. Feed was provided daily at 800h in kilogramme lots. Refusals were 
recorded thrice weekly on a Avery mechanical balance (15kg X 5g). The lambs 
were always given enough feed to ensure a refusal of 10-15%. Spillage losses 
could be estimated visually but were observed to be negligible.
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Nutrikem sheep trace element/vitamin mix 1
Molasses 45
1000
Table 4.2 The Chemical Analysis and Feeding Value of the Pelleted Feed in Experiment 5
Constituent g/kg freshweight




per kg dry matter
Digestible organic matter (g)a 792
Digestible crude protein (g)a 134
Gross energy (MJ) 17.7
Digestible energy (MJ)a 14.7
Metabolisable energy (MJ)a 12.6
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(i) Birth -  25kg l iveweight (LW)
Restriction in the growth  of one group of the lambs from birth to 25kg LW 
was to be achieved by in tensive ly stocking their ewes (M.Lloyd, personal 
communication) such that the sward height of their paddock never exceeded 
3cm (Group 1 = treatm ent R, 'restricted'). However, the restriction was so 
severe and the condit ion of the ewes so depleted that the lambs had to be 
weaned before 25kg LW. They were housed at 96 (s.d. 7.5) days of age when 
they weighed 18.2 (s.d. 1.9)kg LW. The restricted rate of LW gain was
maintained by o ffering the lambs an allowance of 700g/day of the pelleted 
feed.
The growth rate (and subsequent recovery) of the treatment R lambs was to 
be compared w ith that of w e ll- fe d  counterparts (Group 2 = treatment UR, 
'unrestricted'). The ewes of trea tm ent UR lambs were liberally grazed such that 
the sward height of the ir paddock never fell below 5 cm. This treatment was 
intended to provide as high a plane of nutrition to the lambs as possible up to 
25kgLW (M.Lloyd, personal communication).
(ii) 25 -  45kg LW
The recovery growth  of the previously restricted (R) lambs was measured 
from 25 to 45kg LW. During this period, it was ensured that both groups of 
lambs were given non - l im it ing  condit ions for growth through the provision of 
ad lib itum  access to the pelleted feed.
Slaughter Schedule At birth, each lamb was assigned, at random, to one of 
four target slaughter LWs. The requirement fo r a firm estimate of the net effect 
of the feed restriction on body com posit ion  (in order to interpret the recovery 
phase) necessitated the slaughter of six lambs from each treatment at 25kg LW.
J 7Subsequently, a comparison of recovery growth with uninterrupted growth was 
made by slaughtering three lambs from each treatment at 35; 40, and 45kg LW. 
By this final LW, it was considered that all the effects of the feed restriction 
would have been' overcome.
Slaughter and Physical Dissection Procedures When a lamb reached its 
target slaughter LW arrangements were made within three days for its 
s laughter at a commercia l abatto ir 30km distant. At 1500h on the day before 
slaughter, the lamb was weighed and transported to the abattoir. It was
D es ig n  See T ab le  4.3.
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provided with water and rested overnight. At 800h the fo llow ing morning it was 
slaughtered by severance of the blood vessels in the neck. It was not possible 
to collect the draining blood but the fo l low ing organs of the body were 
dissected and their we ights  recorded on a Salter (15kg X 50g) spring balance:
—  head
— liver (with gall)
— stomachs (with intestines and spleen)
— caul fat
— warm carcase (including kidney)
— pluck (lungs and heart)
—  feet
The stomachs and intestines were split open and the undigested contents 
scraped away and discarded. Empty gut weight was recorded and gu t- f i l l  
estimated by difference. The carcase was recovered for physical dissection and 
stored at 4°C for no longer than two days. The remaining components were 
discarded.
Dissection of the Cold Carcase The procedure of tisssue separation was 
identical to that described in Appendix E. The dissection provided 
measurements of muscle, bone, subcutaneous fat, intermuscular fat and kidney 
knob and channel (perirenal) fat tissues.
4.3.4 Results
(i) Period of Restriction: Birth— 25kg LW
a) Liveweight Gain (LWG)
Reference to the unplanned changes in the design has already implied that 
the intended depression in lamb growth rate by treatment R was achieved. Fig. 
4.3 shows that the R lambs took significantly more time (p <  0.001) to reach 
25 kg LW than UR lambs. The rates of LWG of the two groups from birth were 
147 s.d. 24g/day and 281 s.d 29g/day respectively. A comparison with the 
Gompertz description of LWG taken from Chap. 1 suggested that the UR 
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b) Body composit ion at 25kg LW
The effects of the feed restriction on body composition are described in 
Table 4.4 as component: muscle ratios. The table shows that UR and R lambs 
reached 25kg LW with  s ignificantly different (p <  0.05) weights of muscle (UR 
6.0, s.e. 0.2kg; R 5.2, s.e. 0.2kg) but there was no indication that the restriction 
had caused R lambs to shift s ign if icantly (p <  0.1) from their desired fat, bone 
or feed-processing organs: muscle ratios. Consequently, in line with the theory, 
R lambs would not be expected to exhibit accelerated rates of gain in these 
components when realimented.
The less mature R lambs, however, had an unexpectedly and significantly 
higher (p <  0.01) pelt: muscle ratio at 25kg LW (452g pelt/kg muscle, s.e. 24) 
compared with UR lambs (344, s.e. 16). R lambs had a significantly higher (p <
0.05) head: muscle ratio (271, s.e. 8) than UR lambs (242, s.e. 7). Lastly, the 
higher gu t—fill: muscle ratio of the less mature and more poorly- fed  R lambs 
(896, s.e. 101) also differed s ignificantly (p <  0.05) from that of the UR lambs 
(596, s.e. 70) in a manner contrary to expectations.
(ii) Period of Recovery; 25 -  45kg LW
P1: Muscle Growth Rate A similar procedure to that described in Exp. IV 
was used to organise the carcase muscle data into a suitable form fo r a 
convenient comparison of the derived Gompertz rate parameter, B value, w ith 
the expected value of 0.0081.
Initial muscle we ight for each treatment was taken as the average from the 
initial slaughter group. Consequently, taking a mature muscle weight of 16.5kg, 
values for the B rate parameter for muscle gain could be calculated by 
transforming the estimated initial and known final muscle weights, divided by 
the known time to slaughter.
The value obtained for UR lambs was 0.0086 (s.e. 0.0003) which was not 
significantly d ifferent (p >  0.25) from either the expected value of 0.0081 (s.e.
0.0002) from Chap.I or from the value measured in Exp. 4 (0.0082, s.e. 0.0005). R 
lambs had a higher and more variable estimated B value for muscle gain 
(0.0099, s.e. 0.0007), which was not significantly different (p >  0.1) from the 
value for UR lambs.
P2: Relative Rate of Fattening The natural logarithms of both muscle and 
total carcase fat weights for each of the slaughtered lambs were plotted on the
same graph as the expected allometric relationship derived in section 1 . 1.1 for 
lambs fattening at their desired rate (Fig. 4.4).
The plots and regressions of the UR and R data declare that there were no 
significant differences in either slope (UR = 2.38, s.e. 0.22; R = 2.60, s.e. 0.24; 
difference, n.s., p >  0.1) or constant (p >  0.1) of the relative rates of fattening 
compared with the expectation, though a non-s ign if icant trend in the R lambs 
to become fatter than UR lambs at higher degrees of maturity is shown in Fig. 
4.4. No significant differences (p >  0.1) were found between treatments in the 
relative rates of fattening in each of the fat depots in the body.
P3: Feed Intake The average dally feed intakes for both treatments from 
25kg LW are presented in Fig. 4.5. The expectation that the previously restricted 
lambs would increase their rate of feed intake was fulfilled by the marked rise 
in feed intake of the R lambs from the level of the restricted allowances of 
700g/day.
However, the body composition data of the R lambs at 25kg LW had 
revealed that the R lambs were less mature and would not require to replenish 
the ir fat reserves. In this case, the significantly greater rate of feed intake of 
the R lambs (1.34 s.d 0.15 kg/day) In the first three weeks of reallmentation, 
compared with that of the UR lambs (1.06 s.d 0.18kg/day) went against the 
expectations of proposition (P3). There were no significant differences in rate 
of feed intake from three weeks onwards, but Fig. 4.5 indicates that, after eight 
weeks onwards, R lambs consistently ate less than UR lambs.
P4: The Form of the Fat-Free Empty Body The allometric relationship 
between bone and muscle (b values, UR = 0.76, s.e. 0.09; R = 0.72, s.e. 0.10) and 
head and muscle (b values, UR = 0.78, s.e. 0.07; R = 0.77, s.e. 0.07) did not 
disclose any significant (p >  0.1) or systematic deviations from the expectation 
o f linearity. The pelt: muscle ratio, however, which was significantly d ifferent at 
25kg LW, continued to be higher during the recovery period for R lambs (see 
Fig. 4.6), and the difference between treatments in the slope of the allometric 
regressions (UR = 1.45, s.e. 0.15; R = 1.12, s.e. 0.12) was highly s ignificant (p <
0 .0 1 ).
P5: Gain of Feed Processing Organs (FPO) Since the expected differences in 
FPO: muscle ratio was not apparent at 25kg LW, the expectation arising from 
proposition (P5) was that the relative growth rates of the FPO component
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Expectation (w ith  95% c.l.)
3.32kg 13.46kg
log9 musc le  (M,kg)
Fig. 4.4 The Allometric Relationship between 
■ Carcase Fat and Muscle in Fully—fed 
and Realimented Scottish Blackface 
wethers
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Time (weeks) from 25kg LW
Fig. 4.5 The Rate of Feed Intake of 
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would be similar between both treatments from 25kg LW onwards. Neither the 
slopes (UR = 0.31, s.e. 0.07; R = 0.25,s.e. 0.07) nor the constants of the 
regressions of untransformed FPO on muscle differed s ignificantly ( p >  0.1) 
between treatments.
P6: Gain of Gut—Fill (GF) The high GF: muscle ratio in the R lambs at 25 kg 
LW also undermined the relevance of proposition (P6) that the recovering lambs 
would increase their weight of gu t—fill. Fig. 4.7 demonstrates that the highly 
variable relationships between untransformed GF and muscle was of a d ifferent 
kind in R lambs than in UR lambs. UR lambs made substantial and sign if icant (p 
<  0.05) increases in their weight of gu t- f i l l  (slope = 0.79, s.e. 0.018); R lambs 
did not (slope = 0.12,s.e. 0.14).
P7: Liveweight Gain The combined effect of similar rates of muscle growth, 
similar relative gains of fat and feed-processing organs and s lower relative 
gains of pelt and gu t- f i l l  produced significant differences between the 
treatments in the LWG curve from 25kg LW (see Fig. 4.8). UR lambs gained LW 
at a daily rate of 386 (s.d. 73)g in the first two weeks from 25kg LW, a rate 
which was significantly greater (p <  0.01) that that of R lambs at 211 (s.d 92)g. 
Thereafter, the rates of LWG were parallel and not s ignificantly d ifferent (p >
0.1) between treatments.
The overall effect that the series of differential com ponent growth rates, 
which make up the LW curve, had on the proportions of each component in the 
LW were then subjected to an analysis of variance for the purpose of 
summarising the results (Table 4.5). The proportions of carcase and 
subcutaneous fat in the carcase were seen to rise s ignificantly (p <  0.001) w ith 
increasing LW. The proportions of muscle and bone in the carcase, head and 
feed-processing organs fell. Treatment effects were only s ignificant in 
proportion of pelt (p <  0.001) and head (p <  0.05) but. the s ignificant LW X 
treatment interactions in carcase proportion (p <  0.001) and gu t- f i l l  p roportion 
(p <  0.01) indicate the influence that the initial body composit ion had on the 
subsequent development of the proportions in LW.
Finally, feed conversion ratio (FCR, g feed/ g gain) also differed s ignif icantly  
between treatments in accordance with the reported differences in feed intake 
and LWG. For example, in the first three weeks from 25kg LW, UR lambs 
(3.33,s.e. 0.24) had a significantly lower (p <  0.01) FCR than R lambs (6.09, s.e.
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Time (weeks) f rom  25kg LW
Fig. 4.8 The Path of Liveweight Recovery
of Realimented Scottish Blackface 
wethers from 25kg liveweight
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0.35) Thereafter, the absence of differences in LWG and FI meant that FCR for 
UR lambs (5.84, s.e. 0.71) was not s ignificantly d ifferent (p >  0.1) from that of R 
lambs (5.88, s.e. 0.39).
4.3.5 D iscuss ion
The incidence of a number of disagreements between the expected 
outcomes of the experiment and those actually recorded has encouraged a 
reassessment of the theory in general and of the design of the experiment in 
particular. The fo l low ing critique suggests three topics which contributed to 
these discrepancies.
(i) The emergency changes in design meant that R lambs received the 
pelleted feed F before 25kg LW. Consequently, the R lambs:
a) had a greater GF: muscle ratio than UR lambs at 25kg LW because the 
latter were presumably receiving a diet which consisted mostly of milk and any
inlake
voluntaryAof grass.
b) made smaller gains in gu t- f i l l  than UR lambs from 25kg LW onwards (Fig.
4.7)
c) adapted more quickly to ad lib itu m  feeding conditions and ate at a faster 
rate, than UR lambs from 25kg LW (Fig. 4.5)
d) gained LW more slowly and had a higher FCR (LW) from 25kg LW 
because gu t- f i l l  contributed less to their LW gain than it did in UR lambs.
e) showed significant interactions, but no difference from treatm ent UR, in 
the proportion of gu t- f i l l  (and hence proportion of cold carcase in the LW) 
between 25 and 45kg LW (Table 4.5).
With hindsight, the decision to wean the R lambs before 25kg LW proved 
unfortunate because it introduced such a large disparity between treatments in 
the above effects. A solution would have been to wean UR lambs before 25kg 
LW, and to offer them feed F ad lib itum  until they reached the 25kg LW. Initial 
body composition data and measurements of performance post-25kg LW could 
then have been made. This course of action was not available during the 
experiment because the growth of the UR lambs was too far advanced by the
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t ime the decision was made to save the condition of the R ewes through the 
early weaning of the ir lambs.
The possibil ity  of avoiding these problems by in troducing differential 
nutrition through artificial rearing of the lambs had been considered, and had 
been attempted in another experiment. However, the data are not reported 
because the incidence of a 45% mortality  rate forced the conclusion that
neither the facilit ies nor the techniques used were of a suff ic iently high 
standard to proceed with such work. Artificial rearing of lambs requires a high 
input of expertise and equipment, whereas the method of manipulating growth 
of lambs through maternal nutrition, has shown itself to be more reliable if 
adequate attention is paid to management techniques such as those suggested.
(ii) The theory failed to predict the net effect of the feed restriction on body 
composition. Consequently, R lambs:
a) were less mature than UR lambs, primarily as a result of higher g u t- f i l l  
weight. This unexpected but explicable result did not obstruct the analysis of 
muscle growth rate but does emphasise the misleading nature of LW
measurements for estimating degree of maturity in lambs.
b) had a greater FPO: muscle ratio than UR lambs. The problems of 
predicting the effects of feed quantity and type on the we ight of the FPO
fraction have recurred throughout this thesis. In this experiment, the effect
may again reflect the unplanned provision of non-standardised feeding 
conditions before 25kg LW. It is suggested that more sensible data on the 
proliferation of gut components could be acquired be describing the feed 
offered more in relation to the activity required for its digestion (e.g. 
proportion of roughage) and by describing the severity of the allowance in 
relation to what the animal requires (i.e. feed intake under non - l im it ing  
conditions).
c) had a greater pelt: muscle ratio than UR lambs, though the effect was 
exaggerated by the unexpectedly low pelt: muscle ratio in the UR lambs at 
25kgLW (see Fig. 4.6). Since the wool was not shorn off the lambs in this 
experiment, it was not possible to decide whether this effect resulted from 
higher wool weights in R lambs. However, the similar degree of fatness in the 
treatments would suggest that the differences in pelt weight were .not due to 
differences in fatness, and hence weight, of the skin or muscle. The absence
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of f irm theories concerning the relation of wool g rowth  to nutrition in growing 
lambs was mentioned in the review.
d) had a greater head: muscle ratio than UR iambs. This outcome agreed 
w ith the work of Palsson and Verges (1952) and the effect was also observed 
in Exp. 4. The strong rule that the form of the fa t- free  empty body is invariant 
may therefore have to be relaxed in this case. However, as was indicated 
previously, chemical analysis of each component would assist in determining 
the true extent of this effect.
(iii) The design allocated too few animals for estimating performance and 
body composit ion differences. Therefore, the anomalies, reported in the results 
cannot be given precedence in the conclusions because:
a) the R treatm ent B value for muscle gain showed a highiy variable but 
non-s ign if icant tendency to be higher than that for UR lambs.
b) the systematic deviation in R treatment fat: muscle ratios at higher 
degrees of maturity were far from being statistically s ignificant (Fig. 4.4).
c) feed intake and LWG data were being estimated from a decreasing 
mumber of lambs and recording had begun at different degrees of maturity.
If, as was the case in this experiment, the feed restriction did not shift body 
composit ion from the desired proportions set by the inheritance, the Theory of 
Recovery Growth predicted that there would be no differences in growth and 
feed intake between realimented and continuously grown animals from the 
same degree of maturity. The deficiencies in the design of this experiment 
listed above were encountered largely as a result of the unexpected sim ilarity 
between treatments in body composit ion at 25kg LW after degree of maturity  
had been taken into account. A larger number of slaughtered lambs would be 
recommended for body composit ion analysis if the experiment were to be 
repeated. However, greater accuracy in feed intake and LWG estimate may be 
obtained, w ithou t large extra cost, by increasing the number of 'spare' test 
animals reared but not slaughtered.
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4.3.6 C onc lus ions
The experimental tests of the Theory of Recovery Growth, and their 
elaboration in the discussion, have given suffic ient grounds to conclude:
(i) that lambs, when realimented after a period of restricted feeding which 
does not alter the ir fat or feed-processing organ weight at a given degree of 
maturity
a) resume the ir muscle growth rate at the potential rate for their genotype.
b) continue to fatten in accordance with the characteristics of their 
inheritance.
c) maintain the form  of the fa t- free  empty body (except pelt and head) as 
dictated by their inheritance.
d) eat a non - l im it ing  feed at a rate which satisfies their energy requirement 
for maintenance, growth and fattening.
(ii) that LW is a poor indicator of the degree of maturity of a lamb and
should not be used as the basis for a comparison of continuously grown and
realimented lambs.
(iii) that lambs, during a period of under feeding, can increase the ir pelt:
muscle and head: muscle ratios above tha t of continuously grown counterparts.
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CONCLUDING REMARKS
In this thesis an attempt has been made to develop a general theory of the 
growth and feed intake of sheep. At each point in the argument, the data from 
experiments conducted under conditions which satisfy the requirements of the 
theory, have been compared with the expectations, and where data have been 
lacking, they have been obtained.
The interchange between theory and experiment has led to the formulation 
of an empirical description of the expected potential g rowth  of the sheep 
(Chapter I) and the conditions under which it may be achieved (Chapter II). It is 
held that a description of the inheritance under these condit ions is an 
important s ta r t ing -po in t fo r both the scientist and the productionist, since it 
offers a standard by which the effects of a given treatm ent or feeding system 
may be judged.
The scientist may distinguish more accurately the contr ibu tion  of the 
'genotype' from that of the 'environment' in g rowth and may then be able to 
make more general statements about the form er by the rules suggested in 
Chapter I. Furthermore, the preferred method of providing a non - l im it ing  
environment for the sheep, by giving it accces to more than one feed, has 
emerged as a useful tool for the nutrition ist and the student of animal feeding 
behaviour. Given the choice between two feeds, one abundant in crude protein, 
the other deficient, the findings of Experiments 1 and 2 have shown that 
growing lambs can choose a non-l im it ing  combination of the feeds which 
minimises excess protein intake. Since the theory regards such an outcome to 
be, by definition, a reflection of the lamb's needs, it is hoped that the 
opportun ity  will be taken to challenge further this idea in the future alongside 
more established methods for assessing nutrient requirements. In Experiment 3 
ideas were tested concerning diet selection in lambs given feeds which differed 
in their bulkiness. Whilst lambs retained the ability to choose a non - l im it ing  
diet when given the chance, the undeveloped nature of the theory and the 
experimental designs which it generates offered a basis fo r future prediction of 
the feeding behaviour of sheep in the field, where the feeds available may all, 
fo r  some part of the grazing season, be lim iting in their bulkiness.
In turn, an understanding of feed intake and grazing behaviour becomes 
useful to the productionist who needs to predict the type and quantity of the
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feeds used by his stock. Moreover, the description of the sheep's inherent 
capability to grow takes on a different value to the farmer who may wish to 
forecast the potential revenue from maximum output by his stock and then
relate this output to the cost and effort of providing the necessary feeding
conditions.
However, since in most farming situations the provision of non - l im it in g  
conditions for growth is not practicable, the farmer will more often be in the 
position of having to decide how much production is forsaken by rearing lambs 
at grass, that is, on a less nutritious feed which is cheaper and more
extensively managed than its non-l im it ing  alternatives. To solve this problem,
the farmer needs a knowledge of what it is that is l im iting the growth  of his 
stock and what the responses of lambs to limiting conditions are. Chapter III 
was developed along a similar line of thinking. There, the view was taken that, 
in most cases, the form of the lip id-free empty body (excluding guts) was 
independent of feeding and that the most pronounced, and economica lly  
important, differences in growth occur as a result of the lamb's patit ion ing of 
the first lim iting resource into protein and lipid gain. By this approach, 
manipulation of body and carcase fatness was shown to be possible in theory 
but confirmatory evidence was difficult to find. Experiment 4, however, 
supported the belief that lamb s do partition a scarce energy resource to 
support protein gain before lipid gain but it was concluded that this effect is 
complicated in the ruminant because protein supply is not independent of 
feeding level.
The importance of future study into protein supply to grow ing lambs was 
therefore highlighted by thesefindings. Improvements in the design of restricted 
feeding experiments were suggested. One of the implications of the work to 
the sheep industry is that the fatness of lamb carcases can be decreased by 
nutritional means and that this may be one quick method of responding to the 
apparent demand for leaner mutton. However, given the nature of the ruminant 
and its importance other than as a meat yielder, there must remain practical 
d ifficulties in providing feed restrictions which are not f irs t l im iting in a nutr ient 
under extensive farming conditions.
The views of the first three chapters were united in Chapter IV for the task 
of describing the recovery of lambs from a period of restrained growth. The 
theory that realimented lambs resume their known potential for growth and
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then restore their body composition to the state dictated by the ir inheritance 
only when necessary, w ithstood tests with the available data and with 
Experiment 5. The existence of 'compensatory grow th ' was seen to depend on 
measurement of accelerated rates of gain in gu t—fill, gut or fat (and hence 
liveweight gain), none of which are considered to be Indicators of true progress 
to maturity. Consequently, stiffer methods for testing the proposed theory were 
recommended for the future. These suggestions included measurement of 
responses, particularly in the chemical components of the carcase, guts and 
pelt, in the first few days post-restr ic tion. For a fair test of the lamb's ability to 
recover, however, non-l im it ing  conditions must be provided along the 
guidelines given in Chapter II. In relation to lamb production, these findings 
suggest that the potential for non-lim ited  growth remains with lambs which 
have suffered a growth check. However, it is Important to recognise that such 
lambs are physiologically less mature than their chronological age might 
suggest and that they therefore require feeds of a nutrient: energy ratio 
appropriate to their degree of maturity if they are to achieve the growth  rates 
of which they are capable.
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LIVEWEIGHT AND FEED INTAKE DATA —  EXP.1
Lamb identities (L) are given in Table 2.6. 
LIVEWEIGHT (kg) WEEKS
L WO W1 W2 W3 W4 W5 W6 W7 W8 VI9 W10
1 25 . 4 27 . 4 28 . 9 32 . 0 34 . 5 37.. 1 39 . 1 41 . 9 43 . 5 44 . 3 46 .
9 24.. 4 24 .9 27 . 4 30.. 8 32 . 3 33 . 6 35 . 2 40 . 2 39 .6 43.. 3 42 .
2 25.. 5 29 .0 31..0 33 . 4 36.. 2 38..2 41 . 8 44 ,. 7 45 ,.9 45 .8 47 .
8 22 . 7 24 .6 28.. 5 30.. 5 31.. 4 31.. 4 3 4 . 9 36 . 2 40 ,.3 40 ,. 8 43 .
3 25 ., 5 28 .0 30.. 5 32 . 2 35 . 1 37 . 6 37 . 4 41.. i 43 .0 43 ,. 6 44 .
12 27 .1 30 .1 31.. 5 34.. 2 38 .6 41.. 3 42 . 1 40 .9 43 .0 44 . 5 47 .
4 25..9 27 .3 28 . 7 31.,0 34 . 2 36.. 2 38 . 8 43 . 6 44 . 4 48 .2 51.
10 26.. 8 27 . 8 30 . 1 32 . 2 35 . 0 36 . 0 38 . 0 41.. 0 40 . 7 44 .0 46 .
5 25 . 3 24 . 4 26 .3 30 . 6 32 . 6 35 . 5 37 .0 38 . 5 40 . 3 39.. 8 43 .
7 20., 7 22 . 8 26 .0 26 . 9 31.. 6 34 . 4 36.. 3 38 ,. 2 39 .7 43 . 1 45 .
6 25 . 5 27 . 0 27.. 1 29 . 9 32 . 4 35..0 34 . 3 36 .0 37 . 6 37 .8 39 .
11 24 ,. 1 25 . 4 26 . 8 29 .2 32 . 8 34 . 5 34 . 0 37 .9 39 . 5 42 . 4 43 .
FEED INTAKES
F(A) = weekly intake of feed A (kg).
F(X) = weekly intake of feed B, C or D (kg).
F(T) = total weekly feed intaki
PERIOD I
L W1 W2 W3 W4
1 F(A) 0.54 1.73 1.38 1.74
F (X ) 6.25 6 .09 7.89 8 . 62
F(T) 6.79 7 .82 9.27 10 .36
9 F (A ) 1.15 0.31 0.01 0.04
F(X) 2.78 5.77 8 .11 10.14
F(T) 3 .93 6.08 8 .12 10 .18
2 F( A) 0.21 0.66 1.07 0 .16
F ( X ) 7.83 7.50 9.03 11.81
F(T) 8 .04 8.16 10 .10 11.97
8 F (A ) 1.06 1.04 0.88 1.92
F ( X ) 6.31 7.55 8 . 08 6 .85
F (T ) 7.37 8.59 8.96 8 . 77
3 F (A ) 2 .18 2 .17 0 . 92 2 .00
F (X ) 6.56 8 . 41 10.25 9.51
F(T) 8.74 10.58 11.17 11.51
12 F (A ) 1.69 2.60 1.83 1.93
F (X ) 7.04 7 . 49 8.31 10.64
F(T) 8 .73 10.09 10.14 12 . 57
4 F (A ) 0.99 2.38 3.69 7 .94
F (X ) 6.87 5.61 3.81 0 . 50
F(T) 7.86 7.99 7.50 8 . 44
10 F (A ) 0 . 58 0.13 0 .86 0 .18
F (X ) 8 . 50 9 . 42 9.01 11. 43
F(T) 9.08 9.55 9.87 11.61
5 F (A ) 2.09 5.02 5.63 5.25
F (X ) 1.41 ' 0.03 1.74 5 .75














L W1 W2 W3 W4
7 F(A) 0. 26 1. 04 1. 22 3. 28
F(X) 3. 54 7 .38 8 .85 8 .54
F (T ) 3. 80 8 .42 10 .07 11. 82
6 F( A) 7. 07 6..12 1 .41 0. 56
F(X) 0 73 1. 73 7. 60 8 .81
F(T) 7. 80 7 .85 9 .01 9 37
11 F (A ) 3. 60 0 .37 0. 57 0. 05
F( X) 1. 53 7 .97 7 15 10 15
F(T) 5. 13 8 .34 7 72 10 20
PERIOD II PERIOD III
L W5 W6 W7 W8 W9 W10
1 F (A 7 48 11 65 8. 94 8. 71 6 47 8 .03
F ( X 3 74 1. 53 2 96 4 94 6 67 5 .46
F (T 11 22 13 18 11 90 13. 65 13 14 13 .49
9 F ( A 0 26 0 06 0. 22 3 15 10 44 5 .79
F ( X 11 10 12 58 9 75 10. 28 2 83 4 .32
F (T 11 36 12 64 9 97 13. 43 13 27 10. 11
2 F (A 0 22 1. 61 5 38 4. 50 4 .12 3. 42
F ( X 10 67 11. 16 5 78 6 71 6 .91 8 .59
F (T 10 89 12 77 11 16 11 21 11 .03 12 .01
8 F (A 1 63 3 34 5 71 9 14 8 54 9. 00
F (X 4 83 6 67 3 40 1 79 3 .43 2 .14
F (T 6 .46 10 01 9 11 10 93 11 .97 11. 14
3 F (A 1 .15 0 69 0 59 0 55 2 .08 1. 69
F ( X 11 .44 11 05 10 88 11 11 8 .91 8 .63
F (T 12 59 11 74 11 47 11 66 10 .99 10 .32
12 F (A 5 59 5 01 2 03 1 27 0 08 3. 20
F ( X 7 .83 6 77 6 .36 9 46 11 . 32 7 .94
F (T 13 42 11 78 8 .39 10 73 11 .40 11. 14
4 F (A 0 .43 0 .78 1 .20 0 33 5 .25 6 .09
F ( X 10 .05 11 .39 10 .14 13 30 9 .20 9 .28
F (T 10 . 48 12 .17 11 .34 13 .63 14 . 45 15 .37
10 F (A 0 .01 0 .74 9 .61 5 .04 10 .21 11. 47
F ( X 10 .27 9 .92 2 .48 5 .72 1 .62 0. 42
F (T 10 .28 10 .66 12 .09 10 .76 11 .83 11. 89
5 F (A 4 .98 4 .15 2 .98 3 35 2 .95 0. 46
F (X 7 .04 7 .25 7 .01 6 54 5 .85 10 43
F (T 12 .02 11 .40 9 .99 9 .89 8 CO O 10. 89
7 F (A 1 .71 1 .06 0 .72 1 .78 6 .65 8 53
F (X 11 .75 11 .14 11 .02 9 .54 4 .72 4 73
F (T 13 .46 12 .20 11 .74 11 .32 11 .37 13 26
6 F (A 0 .54 0 .44 1 .73 3 .06 4 .33 2 82
F (X 8 .82 8 .39 6 .48 5 .14 4 .23 6 02
F (T 9 .36 8 .83 8 .21 8 .20 8 .56 8 84
11 F (A 0 .85 0 .95 0 .75 0 .60 1 .57 4 27
F (X 10 .37 9 .19 9 .29 8 .63 9 .39 5 60
F (T 11 .22 10 . 14 10 .04 9 .23 10 .96 9 87
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APPENDIX C 
L1VEWE1GHT AND FEED INTAKE DATA —
Treatments (T) are those given in Table 2.10. 
LIVEWEIGHT (kg) WEEK
L WO W1 W2 W3 W4
T1
1 2 3 -. 4 28 . 8 31 .6 33 . 8 36 . 8
2 18 . 5 17 . 3 19 . 5 22 .8 24 .7
3 22 ,. 0 22 . 3 25 .9 26 . 9 31 . 3
4 20,. 3 23 .6 26 .0 29 .2 32 .7
T2
5 20 ,.0 23 . 5 25 . 4 28 .1 29 . 2
6 17 ,.9 19 .6 22 . 9 25 . 6 23 . 5
7 19 ,. 9 21.. 6 24 .6 28 . 6 31 .0
8 20.. 1 19 .7 21,. 7 25 . 4 27 .7
T3
9 21.. 4 24 .6 28 ,. 2 29 .9 33.. 1
10 23 .,3 23.. 2 25 . 7 25 . 2 27 ,.7
11 15 ,.9 14..6 16 . 5 19 . 1 22 ,. 0
12 19.. 8 19 . 8 22 . 9 27 ,.0 29 .0
T4
13 19 . 7 20.. 6 25 ., 3 28 . 3 30..9
14 20., 6 23.,0 24 .,7 27 . 8 30 .0
15 18 ., 1 19., 0 19 ., 5 22 . 7 24 .,7
16 20..6 22 .6 27.. 4 29 .7 32 .,3
T5
46 19 .,6 21..2 23 .8 26 .,7 30 . 3
47 17 .,1 18 .0 20 .4 22 ., 5 24 ., 9
48 18 ., 5 21.,6 24 .8 27 . 4 31.,6
T6
41 17. 6 19 .5 21. 7 23 ., 6 26.,0
42 21. 1 24 .0 25 .5 28 .,0 30.,9
43 16. 3 15 .,1 16 .9 19 .,2 20 .,7
44 20.,3 19 .,7 22 .2 24 .,7 25 .,9
W5 W6 W7 W8 W9 W1
39.2 41. 3 44.1 46 .9 52 . 0 51
27.9 30 . 8 32 . 8 35.8 37.4 39
33.3 37 . 2 38 . 9 40 . 0 42 . 3 44
34.1 35.5 38 . 9 39 .7 39 . 2 40
33.6 35.5 36.3 39 . 4 42 . 8 42
27 . 3 29 . 5 31.8 33.2 36 . 2 37
34.6 36 .1 40.0 43.1 44 . 2 49
29 . 4 31. 4 31. 5 34 . 2 37.0 38
34 . 4 38 . 9 40 . 5 43 . 5 44.3 48
30 . 4 32 .7 33.4 33.5 37 . 5 38
25 .1 28.0 30 .1 31.8 35.0 36
30 . 9 34 . 6 37.6 39 . 7 40 . 6 44
32 . 3 35.9 36 . 8 38.8 41. 4 43
25 . 5 28.1 30 . 7 33 . 5 34 . 4 36
33.1 37 . 7 38.7 41.6 41.7 42
29 .1 32 . 6 34.1 36.8 38 .7 41
32 . 8 33 . 4 35 . 5 38 . 3 40.2 41
21.9 24 . 4 26.7 30.7 32 .7 34
27.9 31.1 33.5 36 . 5 38 . 8 39




















F(A) is the weekly intake of feed A (kg).
F (B ), F (C ) and F(D) is the weekly intake of 
feeds B, C and D respectively.
F(T) is the total weekly feed intake ( kg )
L W1 W2 W3 W4 W5 W6 W7
T1
1 F ( A ) 4 80 5 .68 1. 99 5 .94 7 .82 8 .00 9 .
F ( B ) 1 68 4 .14 8 .76 9 .10 7 .00 5 .16 6 .
F ( T ) 6 48 9 .82 10 .75 15. 04 14 .82 13 .16 16 .
2 F ( A ) 1 48 3. 90 4 .79 5 .64 6 .63 6 .45 6 .
F ( B ) 1 90 0. 69 3 .89 3 .93 4. 08 3 .78 5.
F ( T ) 3 .38 4 .59 8 .68 9 .57 10. 71 10 .23 11.
3 F ( A ) 1 .71 2 .79 4 .16 4 .36 2 .76 2 .87 2 .
F ( B ) 3 .03 4 .12 3 .66 5 .79 8 .11 8 .22 8 .
F ( T ) 4 .74 6. 91 7. 82 10 .15 10 .87 11. 09 11.
4 F ( A ) 1 .03 0. 86 2 .37 1. 76 1. 81 1. 41 1.
F(B) 3 .74 7. 49 8 .62 10 .24 10 .00 10 .49 8 .
F(T) 4 .77 8 .35 10. 99 12 .00 11. 81 11. 90 10.
T2
5 F ( A ) 1 .89 3. 66 3. 56 3. 87 4 .41 4 .47 5 .
F (C ) 1 . 49 4 .09 5 .78 5 .37 5 .83 7 .00 5 .
F(T) 3 . 38 7 .75 9 .34 9 .24 10. 24 11. 47 11.
6 F ( A ) 3 .43 6. 86 7. 20 2 .29 5 .69 5. 31 6.
F(C) 2 .13 3. 69 2 .97 1. 54 3 .48 4 .98 4.
F(T) 5 .56 10. 55 10. 17 3 .83 9 .17 10. 29 10.
7 F ( A ) 4 . 43 7. 81 9 .85 10. 23 11. 84 10 .39 11.
F(C) 0 . 51 0. 45 0. 39 0. 77 2 .53 2 .91 3 .
F ( T ) 4 .94 8 .26 10 .24 11. 00 14. 37 13 .30 14 .
8 F ( A ) 3 .31 4 .41 5 .60 4 .17 6. 21 7 .44 7 .
F ( C ) 0 .53 1. 13 2 .50 4 .30 2 .80 2 .24 1.
F ( T ) 3 .84 5. 59 8 .10 8 .47 9 .01 9 .68 9 .
T3
9 F ( A ) 4 . 48 7. 62 8 .10 8 .40 9 58 12 .00 13.
F ( D ) 0 . 6 6 1. 02 1. 19 1. 72 2 03 1. 74 1.
F ( T ) 5 .14 8. 64 9 .29 10 12 11. 61 13. 74 14 .
10 F ( A ) 4 .74 4. 92 3. 56 4. 61 5 59 7 .06 7 .
F ( D ) 0 .39 1. 43 0. 78 1. 70 3 27 2 .73 2 .
F(T) 5 .13 5. 06 4 34 6. 31 8 86 9 79 9 .
11 F ( A ) 2 .11 5 29 5 80 6. 36 7. 50 8. 47 8 .
F(D) 0
Oo
0. 20 0. 52 1. 63 1 85 2 21 2 .
F ( T ) 2 .11 5 49 6. 32 7 99 9 35 10. 28 10 .
12 F ( A ) 0 .79 3. 78 7. 56 7 82 7 65 10 16 12 .
F ( D ) 0 .01 0. 76 0. 63 0. 91 0 81 0. 60 0.






































L W1 W2 W3 W4 W5 W6 W7
T4
13 F ( B 5. 88 7 98 8 99 10 24
F ( D 0. 67 0 13 0 50 0. 22
F (T 6 .55 8 11 9 49 10. 46
14 F ( B 6 .24 7 98 9 49 11 34
F ( D 0 .16 0 00 0 23 0 28
F(T 6 .40 7 98 9 72 11 62
15 F ( B 4 .69 4 74 6 22 7 30
F ( D 0. 23 0 73 0 58 0 76
F (T 4. 92 5 47 6 80 8 06
16 F ( B 3 .56 8 38 10 21 11 77
F ( D 0 .07 0 01 0 00 0 11
F(T 3 .63 8 39 10 21 11 88
T5
46 F ( B 5 .83 8 04 9 86 10 68 10 89 11 39 12 71
47 F ( B 3 .39 5 52 6 .32 7 50 8 50 9 97 9 74
48 F ( B 5. 24 8 68 10 89 12 34 13 14 14 89 13 20
T6
41 F( A 4. 00 7 20 8 41 9 47 10 64 11 93 10 27
42 F ( A 5. 77 7 .20 7 .13 9 .92 10 72 11 08 8 27
43 F (A 1. 86 3 .51 5 .64 6 45 8 01 9 77 8 91
44 F (A 1 35 6 .07 6 42 7 .97 8 36 10 33 10 40
FEED INTAKES (WEEKS 8--14)
L W8 W9 W10 Wll W12 W13 W14
T1
1 F (A ) 9. 75 8 91 9 .18 7 .50 8. 50 9 .64 12 .00
F (B ) 7 62 7 93 6 .29 6. 00 6. 30 4 .12 0 .25
F (T ) 17. 37 16 84 15 .47 13 .50 14 .80 13 .76 12 .25
2 F( A) 5. 95 4 94 5. 71 5 .26 5 .93 7. 54 9 .56
F ( B ) 6 32 5 54 5 .33 6 .19 4 .89 4 .62 2 .48
F (T ) 12 27 10 48 11. 04 11. 45 10. 82 12 .16 12 .04
3 F (A ) 2 60 1 97 4 .46 4 .33 6 .00 8. 56 8 .72
F (B ) 10 30 9 89 8 .83 7 .84 7. 29 4. 20 0 .71
F (T ) 12 90 11 86 13. 29 12 .17 13 .29 12 .76 9 .43
T2
5 F (A ) 6 70 7 .72 8. 78
F (C ) 5 40 8 .78 4. 23
F (T ) 12 10 16 .50 13. 01
6 F (A ) 7 88 8 .52 9 .00
F (C ) 3 78 4 .47 3. 64
F (T ) 11 6 12 .99 12 .64
7 F (A ) 11 44 12 .53 11. 64
F (C ) 3 .35 3 .20 3. 05
F(T) 14 .79 15 .73 14: 69
8 F (A ) 10 .23 10 .71 10. 70
F (C ) 1 .65 2 .20 2 . 17
F (T ) 11 .88 12 .91 12 87
L W8 W9 W10
T3
9 F( A) 13 42 13 30 11. 99
F ( D ) 1 30 1 40 1. 90
F (T ) 14 72 14 70 13. 89
10 F( A) 7 31 6 28 6 .89
F ( D ) 2 19 1 64 3. 00
F (T ) 9 50 7 92 9 .89
11 F (A ) 8 36 8 70 8 .70
F ( D ) 2 47 1 76 1. 26
F (T ) 10 83 10 46 9 .96
12 F (A ) 12 50 13 40 12 .00
F ( D ) 0 61 0 63 1. 20
F (T ) 13 11 14 03 13. 20
T5
46 F ( B ) 11 27 8 45 12 .45
47 F ( B ) 9 74 8 .93 11. 30
48 F ( B ) 12 54 9 41 13 .55
T6
41 F( A) 13 27 13 .98 13 .48
42 F( A) 9 91 12 .17 10. 50
43 F (A ) 11 66 12 .46 11. 30
44 F( A) 12 25 12 .82 11. 45
FEED INTAKES (WEEKS 15-21)
1 W15 W16 W17 W18 W19 W2 0 W21
'1
1 F(A) 10.53 9.00 9.11 7.82 8.82 10.90 7.67
F ( B ) 2.05 0.25 0 .24 1. 41 4.62 1.27 5.57
F (T ) 12 .58 9.25 9.35 9.23 13 . 44 12 .17 13.24
2 F (A ) 9.33 8.00 8.62 8 .00 7.34 7.93 7.24
F ( B ) 2 .97 1.20 2.98 3 .01 5.22 2 .58 3.58
F(T) 12.30 9.20 11.60 11.01 12 .56 10.51 10 .82
3 F (A ) 9 .50 9.59 9.68 9.35 10.66 11.00 9.24
F (B ) 2.69 0 .22 2 . 58 2.23 6.59 0.70 2.85
F(T) 12 .19 9.81 12.26 11.58 17.25 11.70 12 .09
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APPENDIX D 
LIVEWEIGHT AND FEED INTAKE DATA —  EXP.3
Treatments are those given in Table 2.17.
LIVEWEIGHT (kg) WEEKS
L WO W1 W2 W3 W4 W5 W6 
T1
25 M 22.1 25.1 30.2 33.2 37.1 40.4 43.0
26 M 19.1 22.0 23.8 28.5 31.4 34.7 38.0
27 F 16.4 20.4 18.5
28 F 21.2 21.2 25.2
T2
21 M 21.6 23.9 27.2
22 M 21.3 23.4 25.5
23 F 17.2 18.6 21.0
24 F 19.6 20.4 22.8 
T3
17 M 21.6 23.8 26.6
18 M 14.0 14.7 18.2 
20 F 21.0 24.1 27.4 
T4
46 M 19.6 21.2 23.8
47 M 17.1 18.0 20.4
48 F 18.5 21.6 24.8 
T5
29 M 18.7 17.6 21.4
30 M 19.8 23.7 27.4
31 F 21.5 24.2 28.3
32 F 19.2 18.1 22.0 
T6
33 M 19.6 21.3 25.0
34 M 16.2 18.5 19.4
35 F 15.5 17.1 19.7
36 F 18.8 20.2 23.1 
T7
37 M 23.6 19.4 19.5
38 M 17.2 16.3 20.0





19.0 22.6 26.3 29.0
28.1 30.6 34.6 37.2
29.9 32.1 37.3 40.1
26.7 27.2 32.4 35.1
24.3 27.4 29.8 31.9
25.1 28.6 31.5 34.5
30.2 32.5 35.0 37.6 
30.9 35.4 38.2
29.4 32.0 34.3 36.7
26.7 30.3 32.3 35.9
22.5 24.9 25.5 28.1
27.4 31.6 33.1 37.7
25.5 26.7 29.7 32.3 
31.1 34.0 37.4 41.9
31.4 35.5 38.8 42.5
24.6 28.0 31.1 33.9
26.9 29.0 30.3 32.0
22.9 24.3 26.8 30.4
21.8 24.3 26.5 29.6
25.3 28.3 30.9 34.5
23.9 25.2 27.0 30.8
21.9 24.1 25.0 27.6
29.0 29.3 32.2 34.4










































W7 W8 W9 W10
41. 8 44.2 45 . 8 47.9
38 . 5 44.8 46 . 3 49.1
30.8 33.1 34.7 38.1
39.1 41. 4 42 . 8 44.5
41.. 1 44..6 44..7 45.. 9
35.. 1 41.,0 42 .7 45.. 4
33..7 36..9 38 .9 41.. 3
36 .9 38..6 41..8 44..3
39.5 42.1 43.5 46.0
39.6 40.0 43.5 45.7
38.3 36.8 39.5 39.
36..8 38.. 8 41.. 4 43 .
30..7 33 . 5 34.. 4 36.
38 .,7 41..6 41.. 7 42 .
33 . 3 35.. 7 37 ,.7 40.
42 .8 43 ,. 1 46.. 2 47 .
44 ,.7 47..0 47.. 9 51.
36.. 1 37,.7 39 . 8 41.
33 .2 35..0 33..6 33 .
31,. 5 34..1 35,. 5 38.
29 ,. 8 33..3 34,. 5 36.





























48 . 2 
52 . 3 
42 . 5












F(B) = weekly intake of feed B'(kg)
F (Z ) = weekly intake of feed Z (kg).
F (Y ) = weekly intake of feed Y (kg).
F (X ) = weekly intake of feed X (kg)
F (T ) = total weekly feed intake (kg)
L W1 W2 W3 W4 W5 W6
T1
25 F ( B 3 .76 5 .90 7 .17 8. 76 8 .96 9 .70
F(Z 2 .02 5 .97 6. 99 6 .65 7 .53 7 .01
F (T 5 .78 11. 87 14 .16 15 .41 16 .49 16 .71
26 F ( B 6. 16 6. 62 7. 12 9 .13 8. 83 8 .40
F(Z 0. 29 1. 23 3 .34 3 51 3 .06 5. 61
F (T 6. 45 7 .85 10. 46 12 64 11 89 14 01
27 F ( B 4. 56 3 35 1. 04 5 49 7. 91 9 76
F( Z 1. 67 1. 56 0. 62 1 86 2 54 1. 81
F(T 6. 23 4. 91 1. 66 7. 35 10 45 11. 57
28 F ( B 1 59 4 39 6. 75 9 26 9 51 8 45
F(Z 1 36 3 58 4. 01 3 68 4 31 4. 17
F (T 2 95 7. 97 10. 76 12 94 13. 82 12 62
T2
21 F ( B 4. 22 8 38 10. 56 10 41 11 65 11. 96
F( Y 0 28 0 77 1. 02 2 02 3 67 3 73
F (T 4 50 9 15 11. 58 12 43 15 32 15 69
22 F ( B 2 43 5 28 3. 74 2 39 3 13 4 52
F( Y 2 39 3 83 2 76 4 68 7 84 9 36
F(T 4 82 9 11 6. 50 7 07 10 97 13 88
23 F ( B 3 18 5 21 7 01 7 82 6 30 6 00
F (Y 0 53 1 52 1 86 2 47 4 62 5 30
F(T 3 71 6 73 8 87 10 29 10 92 11 30
24 F ( B 5 41 5 42 7 82 8 56 10 25 10 68
F ( Y 0 13 1 36 1 92 0 .83 1 69 3 24
F (T 5 .54 6 .78 9 74 9 .39 11 .94 13 92
T3
17 F(B 1 .91 4 .85 6 .23 5 47 5 .55 6 .71
F ( X 3 .85 4 .76 4 .73 6 . 57 7 .74 6 .36
F (T 5 .76 9 .61 10 .96 12 .04 13 .29 13 .07
18 F (B 1 . 43 4 .16 4 .72 0 .82 7 .94
F (X 0 .48 1 .27 3 .13 3 .44 7 .63
F (T 1 .91 5 .43 7 .85 4 .26 15 .57
20 F (B 4 .36 5 .97 2 .18 3 .75 3 .48 7 .87
F (X 1 .51 3 .70 9 .84 7 .58 7 .96 3 .25
F (T 5 .87 9 .67 12 .02 11 .33 11 . 44 11 . 12
T4
46 F (B 5 .83 8 .04 9 .86 10 .86 10 .89 11 .39
47 F (B 3 .39 5 .50 6 .32 6 .61 7 . 50 8 .50
48 F (B 5 .24 8 .68 10 .89 12 .34 13 .14 14 .89
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L W1 W2 W3 W4 W5 W6
T5
29 F ( X ) 3 . 19 7. 09 10 79 11 00 1 1 . 27 11 65
30 F(  X) 6 . 67 10 13 13 00 13 58 1 4 . 75 15 52
31 F ( X ) 7 . 04 10 60 12 15 13 21 14 05 15 07
32 F ( X) 2 . 72 7 57 10 01 11 59 12 10 12 39
T6
33 F(  Y) 3 . 54 7 77 9 63 10 69 9 66 9 50
34 F(  Y) 5 . 57 6 46 8 83 9 74 10 97 12 86
35 F(  Y) 4 . 03 6 63 8 61 10 10 11 39 12 20
36 F ( Y ) 6 . 05 7 94 9 . 9 2 11 22 10 99 14 03
T7
37 F(  Z ) 0 . 11 0 43 3 . 7 4 8 . 6 1 11 44 12 49
38 F(  Z) 2 . 34 6 03 7 i—1CO 9 . 0 9 9 29 9 82
39 F ( Z ) 5 . 06 7 80 9 00 vo 11 CNO 12 66 14 08
T8
14 F(  X) 13 90 14 54
F ( Z ) 1 07 0 00
F ( T ) 14 97 14 54
15 F ( X ) 10 30 11 81
F ( Z ) 0 . 2 8 0 08
F ( T ) 10 . 5 8 11 89
16 F ( X ) 12 . 4 4 15 19
F ( Z ) 1 . 9 4 1 25
F ( T ) 14 . 3 8 16 44
FEED INTAKES (WEEKS 7-11)
L W7 W8 W9 W10 Wll
T1
25 F(B) 6 . 46 8 . 31 6.74 6.44 3.51
F(Z) 4.98 6.01 5.98 5.48 5.98
F(T) 11.44 14.32 12 .72 11.92 9.49
26 F(B) 9.25 10 .10 8.82 8 .56 9 . 82
F(Z) 6.03 5. 57 6.86 6.28 5 . 94
F (T ) 15 .28 15.67 15.68 14.84 15.76
27 F ( B ) 8 . 87 7.76 8.38 8.31 8.62
F ( Z ) 2.55 2 .88 3.41 4.29 4 . 42
F (T ) 11.42 10.64 11.79 12.60 13.04
28 F(B) 10.08 9.41 8.99 7 . 40 7.73
F ( Z ) 3.40 4.07 3.86 4.44 3.98
F (T ) 13.48 13.48 12 .85 11.84 11.71
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L W7 W8 W9 W10 Wll
T2 F ( B 10 .59 9 .43 9 .14 8. 19 8 .87
21 F ( Y 4. 09 4 .17 2 .73 2 .05 1. 48
F ( T 14 .68 13 .60 11. 87 10 .24 10. 35
22 F ( B 7 .14 8. 19 9 .08 8 .89 8 .64
F ( Y 7 .52 6. 01 5. 09 4. 95 5 .01
F ( T 14 .66 14. 20 14 .17 13 .84 13 .65
23 F ( B 8 .56 8 .32 8. 19 8 .45 8 .97
F ( Y 3. 55 4. 66 3. 46 6. 32 4 .05
F ( T 12 .11 12 .98 11. 65 14. 77 13. 02
24 F ( B 10 .72 9 .87 7. 86 7 .99 9 .16
F ( Y 2 .88 4 .42 5 .42 3 .99 5 .68
F ( T 13 .60 14. 29 13 .28 11. 98 14 .84
T3
17 F ( B 7 41 7. 16 6 71 6 50 6. 42
F ( X 5. 17 5. 33 5. 11 7 77 6 .26
F ( T 12 58 12 49 11 82 14 27 12 .68
13 F ( B 8 21 6 29 8 80 6. 84 6. 94
F ( X 7 21 7. 81 5. 70 3 23 9 67
F ( T 15 42 14. 10 14 50 15 07 16 61
20 F ( B 8 00 6 79 8 31 6 69 3 11
F ( X 2 91 2 52 3 09 2 29 6 51
F ( T 10 91 9 31 11 40 8 98 9 62
T4
46 F ( B 12 71 11 27 8 45 12 45 10 82
47 F ( B 9 97 9 74 8 93 11 30 10 82
48 F ( B 13 20 12 54 9 41 13 55 13 20
T5
29 F ( X 10 47 11 16 11 72 10 54 10 17
30 F ( X 13 57 14 74 14 54 12 62 13 57
31 F ( X 14 69 14 88 14 88 14 86 14 67
32 F ( X 12 73 13 .13 12 53 13 08 10 93
T6
33 F ( Y 9 .18 7 .53 5 .65 3 .67 4 78
34 F ( Y 14 .49 14 .77 11 .91 14 .74 15 32
35 F ( Y 11 .14 12 .31 11 .78 12 .89 12 39
36 F ( Y 14 .17 14 .14 13 .50 16 .05 15 .14
T7
37 F ( Z 13 .72 14 .19 14 .79 15 .36 16 13
38 F ( Z 10 .20 12 .04 11 .62 12 .84 14 .16
39 F ( Z 13 .89 14 .16 14 .69 13 .57 12 .74
T8
14 F ( X 15 .17 16 .63 14 .97 14 .76 14 .61
F ( Z 0 .12 0 .05 0 .32 0 .21 0 .26
F ( T 15 .29 16 .68 15 .29 14 .97 14 .87
15 F ( 11 .71 11 .20 10 .96 10 .81 11 .01
F ( 0 .01 0 .01 0 .01 0
oo
0 .06
F ( 11 .72 11 .21 10 .97 10 . 81 11 .07
16 F ( 14 .82 13 .46 12 .39 12 .10 12 .00
F ( 1 .31 0 .97 1 .24 1 .25 1 .14




The techniques described are based on those issued by the 
Meat and Livestock Commission (1975).
E.1 Entire Carcase M easure m e nts
1. Cold dead weight was recorded.
2. Chest width (mm) was measured at the greatest width using a caliper
gauge whilst the carcase was still hanging freely.
3. F (mm) was measured using a steel rule from the most distal point on
the medial edge of the central and fourth tarsals to the most caudal point on
the median line between the legs.
4. T (mm) was measured from the most distal anterior edge of the central 
and fourth tarsal bones to the proximal edge of the tibial tuberosity, found by 
inserting a skewer into the jo int between the tibia and femur,i.e into the 
intercondyloid fossa of the femur.
5. The carcase was sawn down through the centre of the vertebral column. 
Pieces of spinal cord, large pieces of aorta and diaphragm were removed. The 
tail was removed to the level of the posterior edge of the 5th sacral vertebra.
6. The we ight of the left and right sides were recorded.
E.2 Lef t  side M easure m e nts
1. The maximum depth of the side was measured using a caliper gauge.
.2. The length of the side from the anterior edge of the symphysis pubis to 
the dorsal anterior edge of the first thoracic vertebra was measured using a 
steel tape measure.
3. Probe measurements of the depth of the subcutaneous fat and 
M.longissimus dorsi were atken at 4cm from the midline at the level of the 
centre of the body of the 12th thoracic vertebra.
E.3 Joint ing
1.Kidney knob and channel fat ((perirenal fat) was removed as one. The 
posterior edge of the channel fat in the pelvic cavity was defined by a line 
running along the posterior border of the sacrosciatic ligament. The kidney was 
removed. The kidney, kidney knob and channel fat were weighed.
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2. Breast and leg jo ints were obtained by placing pins on the anterior edge 
of the 12th rib at the most ventral point of attachment with the diaphragm and
in the intercondyloid fossa of the femur. With the side hanging , the tw o  pins
were joined by a line on the lateral surface. With the side lying on the bench, 
the leg was marked to the level of the line marked previously, by drawing a 
line between the ventral posterior edge of the 1st caudal vertebra and a point 
on the pelvic bone one fifth of the distance between the ventral posterior edge
of the last lumbar vertebra and the anterior edge of the symphysis pubis. With
the side hanging and the knife held at right angles to the lateral surface a cut 
was made from the anterior edge of the 12th rib caudally until the line of the 
leg was met. With the side lying the leg was removed. The anterior part of the 
breast up to the rib level w ith the centre of the 6th thoracic vertebra was 
marked by drawing a line from the point on the 12th rib firs t marked to the 
anterior ventral junction of the bone and the cartilage on the 1st rib. A fter 
removing, weighing and recording any thoracic fat adhering to the inside of the 
thoracic cavity, the breast on the fore, from the rib level w ith the centre of the 
6th thoracic vertebra forward, was removed by cutting from the medial surface 
and at right angles to it from the posterior edge of the costochondral junction 
of the rib level w ith the centre of the 6th thoracic vertebra to the anterior 
dorsal edge of the 2nd sternebra.
3. The chump was removed by a cut at right angles to the long axis of the 
last lumbar vertebra between the penultimate and last lumbar vertebrae.
4. The loin was separated from the best end of neck by marking the centre
of the 12th thoracic vertebra and, with knife held at right angles to the medial
cut surface of the vertebral bodies and spine and at right angles to the long 
axis of the 12th thoracic vertebra, sawing and cutting until the posterior edge 
of the rib was hit, and then fo llow ing the curve of the rib until the line of the
breast was met. The loin was then divided into two by a cut through the centre
of the 3rd lumbar vertebra with the knife held at r ight angles to its long axis 
and at right angles to the medial cut surface of the ventral bodies and spine.
5. The best end was separated from the rest of the fore by cutt ing and 
sawing through the centre of the 6th thoracic vertebra, w ith the knife held at 
r ight angles to the medial cut surface of the vertebral bodies and spine and 
parallel to the cut at the level of the 12th thoracic vertebra. Caliper 
measurements were taken of the depth of subcutaneous fat and subcutaneous 
fat + M.longissimus dorsi at 3.5cm from the midline on the exposed posterior 
face of the best end.
6. The neck was removed from the shoulder and middle neck by sawing and 
cutt ing along the anterior ventral edge of the 4th cervical vertebra with the 
knife at right angles to the medial surface of this vertebra and at r ight angles 
to its long axis.
7. The shoulder and middle neck were separated by starting on the anterior 
medial face of M.scalenus ventralis and, working laterally, on to the firs t rib, 
f inding the natural separation in fat between the shoulder muscles and 
M.serratus ventralis. M.trapezius was left on the shoulder but M.rhomboideus 
and M.serratus ventralis remained on the middle neck.
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E.4 Full Tissue Separat ion
Each jo in t was separated by knife into muscle, subcutaneous fat, 
in termuscular fat, bone and waste.
Muscle included periosteum (where this came away easliy from the bone), 
small blood vessels, connective tissue sheaths and small quantities of fat that 
were physically d ifficult to separate.
Subcutaneous fat was the external fat down to the level of the connective 
tissue over the peripheral muscle layer, excluding M.cutaneus muscle which lies 
in the subcutaneous fat. In the case of the hind and fore legs, the fat under the 
external connective tissue sheath down to the level of the connective tissue 
adhering to the peripheral muscles was classed as subcutaneous.
Intermuscular fat was that lying between the muscles, together w ith thin 
connective tissues, small blood vessels and small quantities of muscle that 
were physically difficult to separate.
Bone included cartilage together with small quantities of muscle, fat and 
other tissues that were difficult to separate. Vertebral bone, including the 
sacrum, was weighed separately to other bone. The weight and length of the 
fem ur ( measured from the proximal tip of the trochanter major to the distal 
edge of the medial condyle) and the weight and length of the t ib ia /f ibu la  ( 
measured from the most distal point of the fossa between the medial and 
lateral condyles to the most distal point of the medial malleolus ) were also 
recorded.
Waste consisted of all glands (cleaned of fat), blood vessels (which could 
be separated easily from the tissue) and tendons. Tendons of the lower leg 
muscles were cut off at r ight angles to the line of the tendon at the most 




CHEMICAL AND ANATOMICAL DATA —  EXP.4
The design of the experiment is given in Tables 3.3 
and 3.4. All weights are in kilogrammes.
CHEMICAL DATA
N = lamb identity, pooled pairs are shown together.
LW = liveweight at slaughter; tim = time to slaughter 
in days; FI = total feed intake to slaughter.
P = protein; Wa = water (excluding loss from warm 
carcase); A = ash and L = lipid in the shorn empty 
b o d y .
N LW tim P Wa A L FI
INIT
1617 11.7 0 1.81 7.08 0 . 41 0.84 0
1606 13.0 0 1.97 7.71 0 . 44 0.91 0
1387 15.9 0 2.31 9.07 0.47 1.59 0
1538 16.9 0 2 . 52 9.76 0 .54 1.82 0
1525 18.9 0 2 .76 10.60 0.50 2 .17 0
1317 25.0 0 4.03 14.33 0 . 69 3.02 0
ALHP
28 31.4 39 4.08 15 .12 0.90 2 .83 42 .77
51 29.8 46 3.84 14.77 0.88 2.78 41.35
35 41.3 71 5.08 19.23 0.86 7.05 92 .67
7 48.2 132 5.18 19 . 49 1.15 12 .13 171.00
31 49.1 132 5.24 19.84 1.17 12 .40 183.49
24 52.3 132 5 .35 19.98 1.15 13 . 56 173.79
49 61.6 158 6.65 25.16 1. 39 16.39 238 . 63
ALLP
18 31.5 44 3.77 14.66 0.78 2.92 38.54
60 30.7 46 3.84 14.92 0.81 3.03 35.39
20 53 .7 158 5.80 21.87 1.22 13.74 195.14
55 53 .9 158 6 .02 22.70 1.27 14.27 217.11
70 47.6 158 5.41 20.21 0.97 10.37 188.36
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13 49.3 185 5.70 22.40 1.77 11.29 196.54
19 52 
34 52









N LW t im P Wa A L FI
0., 8HP
43 25.3 39 3.23 12 .07 0 .75 1.95 24.46
58 25.5 53 3 .17 11.85 0.72 1. 88 24.85
36 30.4 53 3.77 14.28 0.81 2 .71 33.96
47 30.4 73 3.55 13 .55 0.75 2 . 51 48 .16
56 32 .0 135 3.59 13.79 0 .67 4 . 77 100 .34
71 33.2 135 3.62 13 . 58 0.68 4 .84 93 . 47
33 35.6 106 4 .34 15 . 61 0 .99 5.45 81.26
62 36.7 176 4. 55 16.11 1.08 5.91 125.73
45 41.2 193 4.75 16.79 1. 40 6.58 147 . 80
61 40.8 196 5.03 17.51 1.49 7.04 149.82
Four lambs were not: chemically analysed.
Only their LW , t im and FI; data are given:
65 42 .8 273 218.9
42 43 .7 273 211.0
25 43.9 273 207 .9
26 48 . 6 273 215.2
0 . 8LP
29 24.9 25 2 .98 11.89 0.57 2.09 10 .17
23 25.4 66 3.18 12 .69 0.61 2.25 43 .07
57 30 .7 73 3.58 13.91 0.67 3.34 47.21
32 29.9 81 3.56 13 . 84 0.67 2.84 58 .08
17 34.8 73 4.20 15.75 0.79 4.12 53.67
44 36.1 114 4.53 16.49 0 .87 4.56 81.08
38 38.5 193 4.61 16.47 1.23 6.36 143.17
63 39.2 193 5.08 18 .22 1. 47 6.61 145.66
66 40.5 193 4.95 17.67 1.42 6.36 142.17
53 41.7 199 5.12 17.92 1.40 6.90 147.76
9 42.8 199 5.48 18 .57 1.50 7.37 151.84
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A N A T O M I C A L  D A T A
FPO = feed processing organs (stomachs + 
intestines + liver); RO = respiratory organs
(heart + lungs 
unwashed fleec 
fill
N FPO RO 
INIT
1617 1.30 0.36 
1606 1.32 0.40 
1387 1.42 0.54 
1538 1.42 0.52 
1525 1.76 0.54 
1317 2.00 0.68 
ALHP
28 3.36 0.78 
51 2.80 0.72 
35 3.62 0.78 
2 3.21 0.92 
7 3.83 1.07 
31 2.90 1.00 
24 2.96 1.04 
49 4.18 1.08 
ALLP
18 3.08 0.70 
60 2.82 0.66 
20 3.71 1.01 
30 3.58 1.04 
55 3.56 1.05 
70 3.17 1.00 
1.2HP
59 2.22 0.66
39 2.44 0.62 
48 3.00 0.70 
14 2.60 0.69 
68 2.84 0.72 
54 2.96 0.80 
64 2.78 0.70 
22 2.85 0.70
5 2.76 0.86 
27 2.52 0.89 
16 3.65 1.09
40 3.27 1.05
); PELT = shorn 
2 ; BLOD = blood
PELT WOOL HEAD
0 ,. 96 0. . 21 0 .. 9 6
0.. 94 0 .. 22 1.. 0 0
1. , 40 0. . 46 1 .. 32
1. . 38 0 .. 34 1.. 3 4
1. . 44 0 .. 31 1.. 36
1. . 90 0.. 53 1 . 70
2.26 0.92 1. 74
2.20 0.64 1.86
2 .84 1.44 2 . 00
3.12 1.67 1.98
3 . 82 1.70 2.24
4.82 1.66 2 .04
3.38 1.73 2 .18
4.94 3.33 2 . 88
1.84 0.78 1.68
2 .24 0.61 1. 58
3.74 2.60 2 . 52
4.08 1.73 2 . 20
4.42 2.34 2 . 38
4.28 3.17 2.34






2.76 1.33 2 . 06
2 .72 1.23 1.96
3.70 1.86 2.20
3.46 1.64 1.86
3.14 2 . 41 2 . 62
3.62 2.84 2 . 46
skin; WOOL = 
GFIL = gut-
FEET BLOD GFIL
0.34 0.56 1.32 
0.44 0.68 1.46 
0.46 0.90 1.62 
0.48 0.66 1.88 
0.54 1.06 2.30 
0.78 1.26 2.08
0.72 1.34 5.28 
0.74 1.22 4.92 




1.00 2.04 8.46 
1.18 2.76 6.24




1.02 2.50 5.10 
0.96 2.14 4.34
0.60 0.98 6.16 
0.58 1.16 4.36 
0.68 1.38 5.08 
0.58 1.10 5.82 
0.90 1.48 6.94 
0.74 1.66 6.41 
0.86 1.60 8.24 
0.80 1.72 6.86 
0.98 2.10 6.68 
0.84 1.68 7.76 
0.94 1.98 9.99 
0.96 2.28 6.76
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N FPO RO PELT WOOL HEAD FEET BLOD GFI L 
1 . 2 L P
10 2 . 0 6 0 . 62 1 . 84 0 . 6 6 1 . 5 6 0 . 58 1 . 2 0 4 . 2 2
41 2 . 2 6 0 . 6 2 1 . 6 2 0 . 43 1 . 54 0 . 58 1 . 1 4 4 . 94
1 2 . 54 0 . 7 5 2 . 0 2 0 . 6 9 1 . 68 0 . 6 8 1 . 52 6 . 48
50 2 . 98 0 . 6 8 2 ,. 18 0 . 89 1 . 66 0 . 6 8 1 . 5 6 6 . 2 8
3 3 . 0 4 0 . 7 4 2 ,. 48 0 . 8 2 1 . 70 0 . 7 2 1 . 5 2 8 . 42
21 2 . 85 0 . 8 8 2 ,. 52 1 . 08 1 . 7 8 0 . 8 2 1 . 84 7 . 1 0
12 2 . 30 0 . 8 4 2 . 92 1 . 6 0 1 . 9 4 0 . 8 0 1 . 82 7 . 39
73 2 ,. 97 0,. 82 2 . 84 1 . 6 1 2 . 1 6 0 . 8 0 1 . 8 8 7 . 6 6
46 2 ,. 9 8 0 . 88 3,. 46 1 . 6 0 2 ,. 12 0 . 9 0 1 . 84 7 . 6 2
52 2 . 6 6 0 . 9 3 3 ,. 36 1 . 57 2 ,. 1 4 1 . 1 1 1 . 8 4 6 . 48
13 3,. 1 8 1 . 12 3 ,. 6 0 1 . 9 8 2 ,. 12 0 . 9 0 2 . 1 6 6 . 0 4
19 3 ,. 2 3 1, . 17 3 ,. 54 2 . 36 2 ,. 44 0 . 9 8 2 . 0 8 6 . 7 4
34 3,. 42 0 ,. 9 5 3 ,. 70 2 . 3 5 2 ,. 3 8 0 . 9 4 2 . 44 6 . 1 0
8 HP
43 2 .. 18 0 ,. 5 6 1 ,. 64 0 . 75 1,. 5 4 0 ,. 6 0 1 ,. 02 5 . 7 4
58 1 .. 94 0 ,. 58 1 . 88 0 . 8 4 1 ,. 46 0 ,. 52 1 .. 26 6 . 1 6
36 2 .. 42 0 ,. 7 0 2 ,. 26 0 . 7 4 1. . 66 0 . 6 8 1, . 46 6 . 8 8
47 2 ,. 5 4 0 ,. 72 2 ,. 00 0 . 8 7 1 ,. 50 0 ,. 66 1 . 52 8 . 3 1
33 2 .. 60 0 ,. 83 2 ,. 60 1 . 41 1 . 96 0 . 82 1 .. 80 6 ,. 92
62 2 .. 2 5 0 ,. 80 2 .. 06 1 . 2 1 1 .. 92 0 . 74 1 .. 42 6 . 76
56 2 .. 48 0 . 62 2 .. 14 1 ,. 3 0 1 .. 68 0 . 72 1. . 56 5 . 88
71 2 .. 03 0 . 66 1. . 96 1 ,. 35 1 ., 78 0 .. 86 1 .. 66 4. . 44
45 2 ., 36 0 .. 78 2 ., 78 2 .. 10 2 ., 04 0. . 78 1 ., 86 8 . 58
61 2 .. 45 0 .. 87 2 ., 46 1 .. 38 2 . 08 0 ., 78 1 ., 82 7 .. 74
26 2 .. 38 1 ., 02 3 . 98 2 .. 63 2 . 44 0. , 96 1 ., 96 7 ., 56
25 2 ., 67 1 ., 08 3. 68 0 ., 92 2 . 64 1. , 02 2 ., 14 7 ., 10
42 2 ., 74 1 . 01 3 . 42 2 ., 17 2 . 46 0 ., 90 1 ., 74 6 ., 70
65 2 . 63 0 ., 93 3 . 38 2 ., 31 2 . 42 0 ..92 1. , 70 7 ., 82
8LP
29 2 ., 48 0 ., 50 2 . 22 0 ., 60 1. 54 0 ., 58 0 . 86 5 ., 40
23 2 ., 23 0 ., 56 1 . 88 0 ., 66 1 . 40 0 ., 58 0 . 86 4 ., 40
57 2 ., 31 0 ., 64 2 . 46 1 ., 03 1 . 68 0 ., 70 1 . 32 6 .. 64
32 2 ., 31 0 ., 68 2 . 16 0 ., 99 1 . 64 0 ., 66 1. 30 6. 38
17 2 ., 55 0 ., 67 2 . 80 1 ., 19 1 . 78 0 ., 80 1 . 70 7 . 84
44 2 ., 40 0 ., 83 2 . 50 1 ., 58 1 . 76 0 ., 70 1 . 54 7 . 15
38 2 ., 50 0 ., 78 2 . 58 2 ., 06 2 . 00 0 ., 76 1 . 98 6 . 68
63 2. . 39 0 ., 92 2 . 86 1 .. 56 2 . 10 0 ., 82 1 . 72 5 . 62
53 2 ., 46 0 ., 86 2 . 84 2 .. 41 2 . 30 0 ., 92 1 . 74 6 . 80
66 2 ., 66 0 ., 88 2 . 50 1 .. 64 2 . 28 0 ., 94 1 . 96 7 . 10
9 2 ., 75 0 ., 87 2 . 90 1 ., 40 2 . 34 0 ., 90 1 . 96 8 . 06
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C A R C A S E  D A T A
WCAR = warm carcase; CCAR = cold carcase; 
MUSC = muscle; TFAT = total dissected fat; 
BONE = dissected bone; O+MF = omental and 
mesenteric fat.
N WCAR CCAR MUSC TFAT BONE O+MF 
INIT
1 6 1 7  5 . 6 2  5 . 4 4  3 . 3 6  0 . 6 7  1 . 3 1  0 . 1 6
1 6 0 6  6 . 1 4  5 . 9 2  3 . 6 3  0 . 6 5  1 . 5 2  0 . 1 4
1 3 8 7  7 . 2 8  7 . 0 6  3 . 8 7  1 . 0 1  1 . 7 4  0 . 1 8
1 5 3 8  8 . 5 8  8 . 4 2  4 . 3 4  1 . 9 8  1 . 7 2  0 . 2 6
1 5 2 5  9 . 1 2  8 . 8 6  5 . 2 8  1 . 4 4  1 . 7 9  0 . 2 4
1 3 1 7  1 2 . 9 6  1 2 . 6 8  7 . 1 9  2 . 6 4  2 . 5 8  0 . 5 4
ALHP
28 1 3 . 3 4  1 2 . 8 1  7 . 0 6  2 . 4 8  2 . 4 6  0 . 4 2
51 1 3 . 3 6  1 2 . 8 1  7 . 3 0  2 . 7 4  2 . 1 1  0 . 3 2
35 1 9 . 8 8  1 9 . 2 2  9 . 8 7  5 . 9 0  2 . 8 5  0 . 7 8
2 2 0 . 8 4  1 9 . 9 4  8 . 9 5  7 . 9 1  2 . 5 6  1 . 5 0
7 2 3 . 6 0  2 3 . 2 2  1 0 . 7 3  8 . 0 7  2 . 8 0  1 . 5 6
31 2 3 . 8 6  2 3 . 5 2  9 . 0 6  1 0 . 8 9  2 . 8 9  2 . 1 8
24 2 6 . 7 4  2 6 . 3 6  1 1 . 3 5  1 1 . 2 1  3 . 0 4  2 . 0 2
49 3 0 . 9 0  3 0 . 1 8  1 4 . 0 5  1 3 . 1 3  3 . 7 1  3 . 3 2
ALLP
18 1 2 . 8 6  1 2 . 0 9  7 . 0 9  2 . 1 2  2 . 2 4  0 . 3 8
60 1 3 . 2 0  1 2 . 6 8  6 . 9 2  2 . 9 3  2 . 0 5  0 . 5 2
20 2 6 . 3 0  2 5 . 7 8  1 1 . 3 5  1 0 . 9 3  3 . 0 5  3 . 2 4
30 2 9 . 1 6  2 8 . 5 4  1 1 . 6 6  1 3 . 7 0  2 . 9 6  3 . 2 4
55 2 8 . 4 0  2 7 . 7 0  1 1 . 8 4  1 2 . 1 6  3 . 2 6  1 . 9 6
70 2 1 . 9 6  2 1 . 4 2  9 . 7 8  8 . 4 9  2 . 7 2  2 . 3 6
1.2 HP
59 1 1 . 1 8  1 0 . 8 3  6 . 2 0  1 . 8 6  2 . 2 3  0 . 3 6
39 1 1 . 5 0  1 1 . 0 4  6 . 4 0  2 . 3 6  1 . 9 8  0 . 3 4
48 1 3 . 9 2  1 3 . 1 6  7 . 3 9  2 . 4 9  2 . 2 2  0 . 4 2
14 1 3 . 7 2  1 3 . 3 8  7 . 5 0  3 . 2 4  2 . 1 8  0 . 6 0
68 1 5 . 6 2  1 5 . 3 1  8 . 7 4  3 . 5 6  2 . 6 2  0 . 5 2
54 1 5 . 2 2  1 4 . 4 5  7 . 5 6  3 . 9 0  2 . 2 2  0 . 5 8
64 1 6 . 6 6  1 5 . 9 7  9 . 5 6  3 . 4 1  2 . 7 0  0 . 5 4
22 1 9 . 8 4  1 9 . 4 0  1 0 . 5 6  6 . 0 2  2 . 5 6  1 . 0 0
5 2 0 . 9 0  2 0 . 4 4  1 1 . 0 5  5 . 7 4  3 . 0 3  1 . 0 8
27 1 8 . 6 4  1 8 . 2 8  8 . 6 2  6 . 2 1  2 . 8 6  1 . 0 6
16 2 5 . 7 8  2 5 . 1 8  1 1 . 2 6  9 . 2 8  3 . 8 2  2 . 1 6
40 2 5 . 9 0  2 5 . 5 8  1 1 . 6 0  9 . 2 7  3 . 7 1  2 . 3 8
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N WCAR CCAR 
1 . 2LP
10 1 1 . 3 4  1 0 . 9 4
41 1 0 . 7 4  9 . 9 6  
1 1 3 . 0 2  1 2 . 6 6
50 1 3 . 3 4  1 2 . 9 8  
3 1 4 . 4 8  1 4 . 1 8  
21 1 5 . 4 0  1 4 . 3 9  
12 1 8 . 8 8  1 8 . 1 8  
73 1 8 . 7 6  1 8 . 2 8
46 1 9 . 8 4  1 9 . 3 6
52 2 0 . 4 0  1 9 . 9 8  
13 2 5 . 2 0  2 4 . 9 0  
19 2 7 . 7 6  2 7 . 1 8  
34 2 6 . 0 2  2 5 . 4 6
0 . 8 HP
43 1 0 . 5 2  1 0 . 0 7  
58 1 0 . 1 2  9 . 6 8  
36 1 2 . 5 0  1 1 . 9 5
47 1 1 . 4 6  1 0 . 8 6  
33 1 5 . 5 8  1 4 . 9 4
62 1 7 . 5 8  1 7 . 0 0
56 1 4 . 2 8  1 3 . 3 0  
71  1 4 . 8 0  1 4 . 0 8  
45 1 8 . 5 0  1 7 . 9 4  
61 1 9 . 8 2  1 9 . 4 6
65 1 9 . 4 6  1 9 . 1 2
42 2 1 . 4 4  2 1 . 1 1
25 2 1 . 7 2  2 1 . 3 3
26 2 3 . 2 4  2 2 . 8 7  
0 . 8 L P
29 1 0 . 1 2  9 . 5 6
23 1 1 . 2 8  1 0 . 6 2
57 1 2 . 6 6  1 1 . 9 9  
32 1 2 . 8 4  1 2 . 0 9  
17 1 4 . 3 0  1 3 . 5 6
44 1 6 . 2 6  1 5 . 8 0  
38 1 7 . 0 4  1 6 . 4 0
63 1 9 . 4 6  1 8 . 9 2
53 1 9 . 5 8  1 9 . 0 0
66 1 8 . 4 6  1 8 . 0 8  
9 2 0 . 5 0  2 0 . 0 8
MUSC TFAT BONE
6 . 62 1 . 77 1 . 94
5 . 88 1. 85 1. 99
7 . 25 2 . 58 2 . 29
7 . 50 2 . 66 2 . 06
8 . 18 3 . 26 2 . 33
8 . 20 3 . 47 2 . 36
9 . 69 5 . 52 2 . 50
9 . 20 5 . 32 2 . 61
9 . 11 7 . 10 2 . 40
10 . 66 6 . 46 2 . 49
1 1 . 79 9 . 35 3 . 36
13 . 77 9 . 85 3 . 13
1 1 . . 47 1 0 . 73 2 . 85
6. . 09 1. , 21 2 ., 04
6 .. 06 1. . 59 1. , 83
7. . 12 2 . 53 2 .. 08
6. . 25 2 . 18 1. . 86
7. . 72 3 ,. 79 2 . 76
8, . 0 7 5. . 44 2 . 7 1
6 . 6 6 3 ,. 90 2 . 27
7, . 57 3. . 73 2 . 30
9. . 22 5. . 0 1 2 . 89
10. . 1 3 5. . 67 2 . 92
10. . 2 5 5 . 50 3. . 00
11, . 6 1 6 ,. 33 2 ,. 9 1
11. . 82 5 ,. 93 3 . 3 7
12 . 46 6. . 9 4 3, . 2 1
5 . 7 5 1 . 2 6 2 . 1 4
6 . 2 9 2 . 0 9 1 . 89
6 . 5 5 2 . 8 6 2 . 0 4
6 . 8 3 2 . 89 1 . 9 9
7 . 8 2 2 . 89 2 . 3 1
8 . 5 5 3 . 6 9 2 . 4 1
8 . 2 1 4 . 4 0 2 . 57
10 . 0 8 6 . 1 4 2 . 7 7
9 . 5 5 5 . 7 1 2 . 9 8
9 . 8 0 4 . 1 6 3 . 2 7
10 . 9 9 5 . 5 9 3 . 1 9
O+MF
0 . 3 2  
0 . 3 6  
0 . 3 6  
0 . 4 0  
0 . 48 
0 . 56 
1 . 1 6  
0 . 7 6  
1 . 0 6  
1.12 
1 . 9 4  
1 . 9 0  
3 . 5 0
0 . 2 6
0 . 2 2
0 . 2 6
0 . 2 7
0 . 5 8
1 . 2 6
0 . 6 0
0 . 4 6
0 . 8 0
1 . 0 8
0 . 9 6
1 . 1 8
0 . 8 2
1 . 2 6
0 . 2 6  
0 . 3 6  
0 . 42 
0 . 54 
0 . 5 4  
0 . 6 6  
1 . 2 8  
1.22 
1.02 
0 . 6 8  
1 . 0 8
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APPENDIX G 
ANATOMICAL DATA —  EXP.5
The experimental design is given in Table 4.3. All 
weights are in kilogrammes. N = identity, t = time 
from 25kgLW to slaughter, GF = gut-fill, PLUC = 
lungs+heart, LIVE = liver, CFAT = caul fat.
N t LW GF HEAD PELT FEET PLUC LIVE GUTS CFAT
UR
1649 0 25.5 3.06 1.46 1.97 0 .69 0.70 0 . 42 2 .14 0 .14
1643 0 24.5 2.69 1.46 2.08 0 .62 0.69 0 .41 1.96 0.12
1964 0 24.5 2.98 1.32 2.22 0.56 0.72 0 .38 1. 72 0.24
1955 0 26 . 5 3.20 1.48 2.20 0.64 0.84 0 . 43 1.90 0.30
1904 0 24.5 4.21 1.61 2 .00 0 . 60 0.56 0.42 1.99 0.08
1141 0 25.5 5.41 1.42 1.90 0.55 0.64 0.46 2.34 0.33
2329 37 35 . 5 6 .08 1.64 3 . 30 0.73 1.00 0.78 3.02 0.24
1979 33 36.0 6.70 1.72 2.80 0.73 1.02 0 .68 2 . 90 0.38
1978 37 35.0 4.50 1.72 2.60 0.76 0 . 74 0 .58 2 .10 0 . 50
1128 42 39 . 5 6 .02 1.88 3.66 0 . 86 0 . 98 0.74 2.08 1.22
1695 56 40.0 7.08 1.86 3.50 0.74 0.96 0.86 2.82 1.12
1981 57 42 . 0 5.26 1.94 3.67 0 . 92 0.93 0.64 2.44 0.80
1932 70 44. 5 5.92 2.08 4.42 0.98 0.92 0.71 2 .68 0.94




79 45. 5 7.90 2.48 4.61 0 .84 0 . 90 0 . 76 3.10 0 . 78
0 24.5 6.40 1.34 1.88 0 . 54 0.50 0 . 42 1.74 0.10
1627 0 24.5 4.95 1.25 2.28 0.50 0.61 0 . 40 1.83 0 .14
1612 0 26.5 5.03 1.32 2 . 53 0.62 0.54 0.51 1.82 0.10
1925 0 25.5 4.14 1.52 2 . 51 0.62 0 . 58 0 . 48 1. 58 0 .18
2308 0 25.5 3 . 46 1.72 3.03 0.60 0.50 0.42 2 .34 0.56
2358 0 25 . 0 3.78 1.38 2 .02 0 . 58 0 . 52 0.46 1.70 0.10
1139 57 36.0 4.52 2.14 3 .64 0 .81 0.84 0.80 2 . 42 1.43
2307 45 35.5 3.90 2.14 3.94 0 . 78 0.86 0.66 2.58 0.55
2569 50 34.5 6 . 30 2 .10 3.47 0.70 0.92 0.90 3.20 0 . 50
2338 51 40.5 4 .56 2.04 3 .86 0 .80 1.02 0 . 80 2.70 0.72
1041 77 42.0 5 .70 2.08 4.71 0.74 0.98 0.80 2.-80 1.60
1617 58 40 . 5 4.60 2 .40 4.66 1.14 1.02 0.78 2 .10 1.08
2306 91 46. 5 4.86 2.08 4.40 0.94 1.14 0.90 2.04 1.60
2352 94 46.0 6.68 2.24 5.30 0.86 0.94 0.80 2.22 1.88
1567 77 45.0 5.88 2.36 4.91 0.90 1.17 1.03 3.23 1.22
228
C A R C A S E  D A T A
CARC = cold carcase, MUSC = muscle, SCF = 
subcutaneous fat, IMF = intermuscular fat, 
KKCF = kidney knob and channel fat, TFAT =
total fat.
N CARC MUSC SCF
UR
1649 10.94 6.18 0.80
1643 9.89 5.44 0. 59
1964 10.37 5 . 47 1.06
1955 12 .21 6 . 80 1.19
1904 10.51 6. 48 0.71
1141 10.73 5.88 0.97
2329 15.59 7 . 86 1.84
1979 15.25 7.73 1.55
1978 14 . 50 7 .95 1.93
1128 17.38 8. 54 2 . 95
1695 17.38 8 .54 3.04
1981 18 . 40 8 .94 2 .93
1932 19 .91 9.35 3.30
1619 21.24 9 .73 4.61
1644 21.18 10.29 3.50
R
1038 8.26 5.04 0 . 37
1627 8.18 4.53 0.51
1612 8.98 5.55 0.39
1925 10.13 5 . 50 1.06
2308 1.0 .02 5.80 0.79
2358 9.11 5.01 0.77
1139 16.95 8 . 58 2 . 31
2307 15 . 52 8 . 23 1.94
2569 16 . 41 8.23 2 .17
2338 19 .48 8 .94 3.50
1041 21.53 9 . 45 4 . 64
1617 19 .10 9.73 2.67
2306 23.25 10 .04 4.58
2352 22.49 9.24 4.21
1567 20.69 8.38 3.53
IMF KKCF TFAT BONE
1 .04 0 . 13 : .97 2 .15
1 .04 0 .14 l .77 2
oo
1 .26 0 .24 2 .56 1 .76
1 . 37 0 .28 2 CO OJ 2 .03
1 .20 1 . 11 2 .02 1 .85
1 . 52 0 .21 2 .70 1 .96
2 .01 0 .25 4 . 11 2 .65
2 .21 0 .35 4 .11 2 . 51
1 .79 0 .28 4 .00 2 . 19
2 .36 0 .45 5 .76 2 .62
2 . 74 0 ,.52 6 .30 2 .54
2 .80 0,.60 6 . 33 2 .74
3 .15 0,.60 7 ,.06 2 .89
3 ,.10 0 ,.63 8 ,.34 2 ,.73
3 . 30 0,,63 7 . 43 2 ,.95
0..73 0 ., 08 1., 18 1.,78
0.,81 0.,13 1.,44 1..83
0 ., 86 0 ., 11 1.,36 1,,76
1.. 36 0. 21 2 .,63 1.,69
0 .,89 0. 13 1.,81 1..96
0., 99 0 . 17 1.,93 1,,57
2 ., 44 0. 44 5 ., 19 2 .,65
2 .10 0 .39 4 ., 43 2 ., 47
2 ., 44 0. 49 5 .11 2 .61
3 ., 19 0.,91 7 .60 2 ., 45
3.,61 0. 82 9 .07 2 ., 58
2 .,87 0. 45 5 .,99 2 .,83
3.,78 1 .,71 10 .,07 2 .39
4.,20 1 .,24 9 .,64 3 .,00
3.,74 0.,94 8 .,21 3 .,23
